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ABSTRACT .
Metal foams are low-density materials with multifunctional attributes that make them appealing for
numerous uses, including thermal insulation, heat sinks, acoustic insulation, energy absorption devices
(crash protection), lightweight structural sandwich panels (as the core material), and vibration damping
devices. Metallic foams are commercially available as closed-cell and open-cell foams. Unfortunately.
the mechanical behavior of closed-cell metallic foams is far below that which the theory suggests; at low
relative densities, the mechanical properties of closed-cell foams are an order of magnitude less than
expected. It is shown that defects such as cell wall curvature, cell wall corrugation, and density variations
account for a large fraction of the degradation in properties.
Hollow-sphere foams offer a solution to the problem of degraded performance in closed-cell foams
because ideal spheres can be bonded into a relatively defect-free structure. This thesis focuses on the
development of constitutive models to describe the mechanical behavior of this new class of materials;
such models are critical in determining whether or not hollow-sphere metallic foams provide an
alternative to existing closed-cell metallic foam materials. The uniaxial compression behavior of single
hollow spheres is first studied to determine the significant geometric and material parameters of hollow-
sphere foams. Detailed constitutive models of the behavior of hollow-sphere foams are developed using
finite element simulations of simple cubic, body-centered cubic, and face-centered cubic sphere packings.
The elastic anisotropy and yield surfaces are fully characterized, and numerical equations are developed
to allow the simple evaluation of the effect of geometric and material properties on the mechanical
behavior of hollow-sphere foams. The analysis indicates that at relative densities of 10%, hollow-sphere
foams have theoretical moduli and strengths that are three times those of existing metallic foams, and this
increases to a factor of ten at relative densities below 5%. Several concepts are presented to allow the
incorporation of defects into the model, including random packing, variations in bond size, and variations
in sphere relative thickness. Finally, the performance of hollow-sphere foams is compared to other low-
density engineering materials on a structural basis; hollow-sphere foams offer a beneficial alternative.
Thesis Supervisor: Lorna J. Gibson
Title. Matoula S. Salapatas Professor of Materials Science and Engineering
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1.0 INTRODUCTION
Metal foams are a new class of materials with low densities and novel physical, mechanical,
thermal, electrical, and acoustic properties. Metal foam consists of air dispersed in a solid
matrix, similar to polymer foams such as polystyrene or food foams such as whipped cream.
Metallic foams feature an interconnected network of solid struts or plates that form the edges and
faces of cells. These structures exhibit high stiffness, low weight, and tailorable properties that
prove valuable in solving a host of design needs that exist today. The multifunctional
performance of metal foams make them appealing for numerous uses, including thermal
insulation, heat sinks, acoustic insulation, energy absorption devices (crash protection),
lightweight structural sandwich panels (as the core material) and vibration damping devices.
Metallic foams are commercially available as closed-cell and open-cell foams. Closed-cell
foams feature solid faces such that each cell is independently sealed from its neighboring cells.
Open-cell foams (also known as porous metals, metal sponges and micro-architectured truss
foams) do not contain cell walls; they only have cell edges. This open structure makes them
most useful for heat exchangers and filtration. A summary of potential applications for metal
foams is listed in Table 1.1. Critical to the integration of metallic foams into many of these
applications is a full understanding of their behavior.
There is an extensive body of literature that discusses the mechanical properties of metallic
foams. The book, Cellular Solids [Gibson and Ashby, 1997], provides a fundamental
understanding of the structure and properties of all types of cellular solids and the ways in which
they can be used in engineering design. A more thorough overview dealing specifically with the
mechanical behavior of metallic foams can be found in [Gibson, 2000]. The book, Metal Foams:
A Design Guide [Ashby et. al., 2000], summarizes many of the concepts introduced in Cellular
Solids and expands this knowledge in a discussion of the current understanding of the
production, properties, and uses of metallic foams in various applications from a properties,
design, and economics approach.
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Before a thorough understanding of the behavior of hollow-sphere foams can be developed, it is
necessary to begin with an understanding of the basic building block of this class of
materials-the single hollow sphere. Although there is existing literature on the subject, the
mechanical behavior of hollow spheres is quite complicated, especially under a non-hydrostatic
load. Many of the existing analyses depend on very complex and almost unwieldy analytical and
numerical calculations that are not always accurate. None of these analyses presents a simple
description of the effect of solid material properties on the overall response of the structure.
Gathering this knowledge is an essential step before proceeding to more complicated structural
configurations. It is also useful in determining the important parameters for the more complex
structure. Thus, in Chapter 3, the mechanical behavior of a single hollow sphere is evaluated
under a uniaxial compressive load using both finite element modeling and experimental testing.
A relatively simple set of numerical expressions describing the mechanical behavior of a single
sphere as a function of the ratio of the shell thickness to radius and solid material properties is
developed.
There are three principle methods to bond hollow spheres. First, the interstitial spaces in a three-
dimensional array of hollow spheres can be infiltrated with a bonding material such as epoxy or a
low melting temperature metal; such materials are commonly referred to as syntactic foams.
This is not studied here because the relative density of these materials is generally above 25%.
In the second method, hollow spheres can be bonded by applying heat and pressure to flatten the
contacts between spheres, which then become diffusion bonded. In most cases the contacts are
not perfectly flat; rather, they form curved cell walls. The analysis of Chapter 3 suggests that the
deformed shape of these spheres is highly dependent on their processing history and solid
material properties. The analysis of this bonding method presents too many geometric variables.
A third method for manufacturing hollow-sphere foams is to bond hollow spheres using a liquid
phase that forms a bonded neck region between spheres. It was determined that this latter
method would present the simplest bonding geoi.try to analyze. In addition, initial results
obtained by a research group at the Georgia Institute of Technology (Georgia Tech) [Baxter et.
al. 1997; Clancy et. al., 1991] suggested that this was the superior bonding technique. Chapter 4
introduces the geometric factors associated with this bonding geometry and proceeds with a full
13
-evaluation of the mechanical behavior of a simple cubic packed hollow-sphere structure.
Numerical equations are developed to describe the moduli and strengths as a function of the
geometry and solid material properties. The analysis indicates that there is an optimum bonding
geometry to achieve maximum performance for a given shell relative thickness (or total relative
density) and that hollow-sphere foams can be competitive in terms of theoretical structural
performance compared to open- and closed-cell foams. In Chapter 5, the analysis is extended to
both body-centered cubic and face-centered cubic sphere packings. The face-centered cubic
packing gives the highest values of moduli and strengths. The analysis indicates that at relative
densities of 10%, hollow-sphere foams have theoretical moduli and strengths that are three times
those of existing metallic foams and this increases to a factor of ten at relative densities below
5%.
When work began on studying the behavior of hollow-sphere foams, it was initially expected
that samples for mechanical testing could be obtained from various research groups collaborating
on this project.. Unfortunately, those groups began to abandon their research because of
difficulty in producing the material. Initial testing also indicated that the properties of hollow-
sphere foams did not offer enough potential compared to existing materials. Although research
continued on production methods [Anderson et. al., 2000; Stephani et. al., 2000], samples of
material were not available for testing. Thus, it was determined that hollow-sphere foams had to
be manufactured in-house to perform mechanical evaluation of these structures. Development of
manufacturing methods was continued concurrently with the finite element modeling analysis.
Many techniques were tested and most failed. Chapter 6 presents a brief overview of the main
manufacturing methods that were used to produce hollow-sphere foams. Although test samples
could not be produced within the time and budgetary constraints of this project, several
promising manufacturing techniques were developed.
In practice, it may be difficult to manufacture ideal hollow-sphere foams with the SC, BCC, or
FCC packing that is modeled in Chapters 4 and 5. There will be a variety of deviations from the
ideal structure, such as random sphere arrangement, variation in the shell relative thickness, bond
size, and even sphere size within a sample. In addition, spheres will not necessarily be bonded
with extra material forming a neck at sphere contact points; they could also be sintered. Chapter
14
7 provides a general analysis, extending the results presented in Chapters 4 and 5 to estimate the
mechanical behavior of a material containing a variety of these types of deviations. Also in
Chapter 7, the theoretical models for the behavior of hollow-sphere foam discussed in Chapters 4
and 5 are compared to the experimentally measured Young's modulus and yield strength
published in the literature. Although there is little experimental data on the behavior of hollow
sphere foams, there is enough to reasonably conclude that the models developed describe the
behavior of random close-packed hollow spheres, at least above a relative density of 8%. Of
course, the real potential of hollow-sphere foams exists below a relative density of 8%.
Although the strength of closed-cell aluminum foams decreases dramatically, it may be possible
to manufacture hollow-sphere foams that perform up to ten times better than existing aluminum
foams at low densities. Finally, Chapter 7 presents a comparison between hollow-sphere foams
and other types of low-density structures for relative strength, relative Young's modulus, and
relative shear modulus versus relative density. The behavior is shown for open- and closed-cell
foams, hollow-sphere foams, octet-truss lattice materials, the Hashin-Shtrikman upper bound on
an isotropic porous material, and in-plane and out-of-plane properties of regular honeycomb
materials. The theoretical mechanical performance of hollow-sphere foams compares well with
these existing engineering materials.
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Table 1.1 Potential Applications for Metal Foams [Ashby et. al., 2000].
Application Comment
Lightweight structures Excellent stiffness-to-weight ratio when loaded in
bending
Sandwich cores Metal foams have low density with good shear and
fracture strength
Strain isolation Metal foams can take up strain mismatch by crushing at
controlled pressure
Mechanical damping The damping capacity of metal foams is larger than that
of solid metals by up to a factor of ten
Vibration control Foamed panels have higher natural flexural vibration
frequencies than solid sheet of the same mass per unit
area
Acoustic absorption Reticulated metal foams have good sound-absorbing
capacity
Energy management: Metal foams have exceptional ability to absorb energy at
compact or light energy almost constant pressure
absorbers
Packaging with high- Ability to absorb impact at constant load, coupled with
temperature capability thermal stability above room temperature
Artificial wood Metal foams have some wood-like characteristics: light,
stiff, and ability use wood-joining techniques
Thermal management: heat Open-cell foams have large accessible surface area and
exchangers/refrigerators high cell wall conduction giving exceptional heat transfer
ability
Thermal management: flame High thermal conductivity of cell edges together with
arresters high surface area quenches combustion
Thermal management: heat Metal foams are non-flammable; oxidation of cell faces
shields of closed-cell foams imparts exceptional resistance to
direct flame
Biocompatible inserts The cellular texture of biocompatible metal foams such
as titanium stimulate cell growth
Filters Open-cell foams with controlled pore size have potential
for high-temperature gas and fluid filtration
Electrodes and catalyst High surface/volume ratio allows compact electrodes
carriers with high reaction surface area
Buoyancy Low density and good corrosion resistance is good for
flotation applications
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2.0 DEFECTS IN CLOSED-CELL FOAMS
2.1 Introduction
Foaming a material is an intricate process involving the appropriate interplay between the relevant
physical properties. Surface tension, viscosity, film stability, and density are all factors that
contribute to the stability of a foam in its liquid state and determine whether or not the foam can be
formed [Benning, 1969; Bikerman, 1973; Wilson, 1989; Sebba, 1987; Akers, 1976; Borgstedt,
1982]. Unfortunately, metals do not perform well with respect to these properties. Molten metals
generally have a high surface tension, which makes it difficult to form air pockets; poor film
stability, which allows cell walls to collapse easily; low liquid viscosity, which increases the liquid
drainage rate; and a high density, which increases the mass of material that must be supported in
the liquid state. This combination of properties inhibits the production of metallic foam from the
liquid state. Recently, however, several cost-effective processes for making metallic foams have
been developed, increasing their potential use in a number of applications, including: sandwich
panels for lightweight structural components, energy absorption systems for protection from
impacts, heat sinks for electronic devices, and acoustic insulation.
Open-cell metal foams (Duocel, ERG Materials & Aerospace Corporation; Oakland, CA) can be
created using reticulated polymer foam as a consumable "pattern." The polymer foam is infiltrated
with a heat-resistant material, the polymer is pyrolyzed, molten metal is cast into the mold, and
then the mold material is removed. This method gives a metal foam that is an exact replica of the
original polymer foam, thus overcoming traditional obstacles in manufacturing metallic foam.
Open-cell metal foams typically achieve maximum theoretical properties because they contain so
few processing defects.
Closed-cell foams are made by both powder- and liquid-based routes. Cymat foam (Cymat;
Mississauga, Ontario, Canada) is manufactured by injecting air into an aluminum melt containing
5-15% SiC particles (1-20pm) [Andrews et. al., 1999]. The injected air causes bubbles to rise to
the surface of the melt; the molten foam is then conveyed off the surface. The ceramic particles-
stabilize the molten foam to prevent it from collapsing before it cools. Alporas foam (Shinko Wire
Co., Amagasaki, Japan) is also made via a liquid-based route using titanium hydride (TiHi) as a
foaming agent. Approximately 1-3% TiI-2 is mixed into molten aluminum containing up to 8%
calcium to increase viscosity and stabilize the foam. On heating in the molten aluminum, the TiH-
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decomposes, evolving hydrogen gas, forming bubbles in the foam. Fraunhofer (IFAM, Bremen,
Germany) and Alulight (Mepura, Ranshofen, Austria) aluminum foams use a powder metallurgical
process in which aluminum and Til, powders are mixed together, compacted, placed in a mold,
and heated. No stabilizing agents are used. The material is never heated above the melting
temperature of aluminum; therefore, foaming occurs in a semi-solid state. [Andrews et. al., 1999]
Open-cell metal foams generally perform at their theoretical maximum because they contain so few
processing defects. The Young's modulus, E*, and plastic collapse stress, p,of an open-cell
foam are given by [Gibson and Ashby, 1997]:
E p
E (P Ps(Eqn. 2.1)
* * ~~1.5
UP 0.3{P*) (Eqn. 2.2)
CyS P
where E, 'p,, and p are the Young's modulus, plastic collapse strength, and density of the
foam and E s, rys, and Ps are the Young's modulus, yield strength, and density of the solid
material [Gibson and Ashby, 1997].
An ideal, three-dimensional foam can be represented by a repeating tetrakaidecahedral unit cell
(Figure 2.1). Finite element simulations of this structure were evaluated to obtain the Young's
modulus and plastic collapse strength for closed-cell foam:
- = 0.3 +0.3 (Eqn. 2.3)
Es Ps.,P
* 0.3 +0.44 (Eqn. 2.4)
IyS PS."
, -
for relative densities below 20% [Simone and Gibson, 1998a]. Experimental data for the relative
Young's modulus and relative strength of commercially available metallic foams (Cymat, Alporas,
Alulight, Fraunhofer, and ERG) are compared with theory (Eqns. 2.1-2.4) in Figures 2.2a and
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2.2b ERG open-cell foam performs close to the theoretical values. However, closed-cell foams
perform far worse than the theory suggests that they should (especially below 10% relative
density); the performance of closed-cell metallic foams is similar to that of open-cell foams. This
shortfall can be attributed to microstructural defects that occur in the process of manufacturing
closed-cell foams.
Defects observed in closed-cell foams include: non-homogeneous cell size and shape, a non-
uniform distribution of solid material, torn or fractured cell walls, and curvature and corrugation of
cell walls (Figure 2.3). Irregularities in cell size and shape have been shown to produce premature
bending that leads to the initiation of a deformation band [Evans et. al., 1997]. However, studies
using ideal tetrakaidecahedral cells found that the moduli decreased about only 10% for even the
most distorted shapes [Grenestedt and Tanaka, 1999]. A non-uniform distribution of solid
material, caused by liquid drainage or a large distribution in cell sizes, leads to variations in the
relative density in localized areas compared to the bulk. For example, drainage in Cymat foams
causes variations in the relative density from 0.033 to 0.14 in a single sample [Gibson, 2000].
Regions of relatively lower density then dominate the overall mechanical properties. When cell
walls are fractured or torn, they can no longer contribute to the strength of a closed-cell foam
through stretching of the cell faces; cell collapse is initiated near the tomrn walls [Gibson and Ashby,
1997; Gibson, 2000]. A study conducted on a hexagonal honeycomb shows that both the
modulus and hydrostatic strength is significantly reduced when only a small fraction of the cell
walls are torn [Chen et. al., 1999]. For aluminum foam, wavy imperfections in the cell walls have
been calculated to reduce the foam stiffness approximately 40 percent [Grenestedt and Tanaka,
1998]. The effect of cell wall curvature and corrugations on the modulus and yield strength of
closed-cell metal foam has also been modeled using finite element simulations of the periodic
tetrakaidecahedral unit cell (Figure 2.1) [Simone and Gibson, 1998a]. The results suggest that cell
wall curvature and corrugations could account for a significant reduction in the modulus and
strength of aluminum foams. In this study, the curvature and corrugations are characterized in
detail for commercially available metal foams and compared against the idealized model for closed-
cell foams [Simone and Gibson, 1998a].
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2.2 Methods
2.2.1 Materials
Aluminum foams were obtained from five manufacturers: Cymat (Mississauga, Ontario,
Canada; Cymat, nominal density = 80, 160, and 380 kg/rnm3), Shinko Wire (Amagasaki, Japan;
trade name Alporas, nominal density = 216 kg/rnm3), ERG (Oakland, CA; trade name Duocel,
nominal density = 216 kg/rnm3), Mepura (Ranshofen, Austria; trade name Alulight, nominal
density = 260470 kg/m3), and Fraunhofer Institut Fuer Angewandte Materialforschung
(IFAM, Bremen, Germany; nominal density = 375-750 kg/rnm3). The density of each material
was calculated by weighing specimens on a balance and measuring their dimensions using a
digital caliper.
2.2.2 Solid Material Characterization
Each sample (except ERG) was prepared for analysis in a Scanning Electron Microscope
(SEM). The foam was sectioned and mounted in epoxy, ground with 240, 400, 600, and
1200 grit sandpaper, and polished using six micron and one micron diamona paste. The
samples were then coated with a carbon film to ensure a conductive surface for SEM analysis.
The cell wall composition was determined using wavelength dispersive X-ray analysis on a
JEOL JXA electron probe microanalyzer (JEOL USA, Peabody, MA). The SEM backscatter
electron detector was used to enhance the contrast between each phase (heavier elements appear
brighter with this technique). Using the backscatter image, the detecting "spot" was positioned
on each apparent phase to determine the local composition, and images of the material were
digitally recorded of the observed region. The images were analyzed using NIH Image
Version 1.59. A false color palette was assigned to each image so that each phase was a
distinct color. The area fraction of each phase was calculated from the corresponding color
histogram. At least three cell walls were examined for each type of foam. For all the foams
except the Cymat, the composition was similar in all the walls examined. Drainage of liquid
aluminum during processing decreases the volume fraction of silicon carbide in the cell walls
towards the bottom of the panel in the Cymat material; the composition of the cell walls in the
Cymat foam was measured on 14 walls taken from different depths within the panel. The cell
wall density was then estimated using a rule of mixtures approach from the analysis in NIH
Image. A detailed discussion of the SEM analysis and how the volume fractions of each phase
were determined can be found in Appendix 2A.
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The yield strength of the solid cell wall material of each of the closed-cell foams was measured
by indentation. Individual cell walls were cut, mounted in epoxy (perpendicular to the surface
of the mount), and polished as done for the SEM preparation. Nano Instruments (Oak Ridge,
TN) used a Berkovich indenter, with loads between 200 and 700 mN, to make indentations.
Ten indentations were made in each material, and the size of each indentation was measured
with an optical microscope. -'The yield stress was taken as one-third of the hardness value. The
thin cell edges in the open-cell ERG made indentation testing more difficult, therefore, the yield
strength of its cell edges was taken as the handbook value of the yield strength of 6101-T6
aluminum from which it is made.
(,
2.2.3 Cell Wall Curvature and Corrugation
The curvature and corrugation of cell walls was characterized in the Cymat, Alporas, and
Alulight foams. No cell edge curvature was observed in the open-cell ERG foam. The
Fraunhofer foams contained many major defects including large cracks spanning more than ten
cells and large voids spanning a significant portion of the specimen. In the Fraunhofer
specimens, the cell wall curvature was evident, but it was not thought to be the primary reason
for the degradation in mechanical properties. Its microstructure was not characterized further.
Samples were cut using an Omega Series Electric Discharge Machine (EDM Technology,
Central Islip, NY), which uses a slicing wire with an electrical potential to obtain a smooth,
clean surface. The contrast of the foam surface was improved by coating each sample with
matte black spray paint. The surface was then ground with sandpaper to remove paint from the
cell walls. The image of the foam surface was digitized using an Apple Color OneScanner
600/27 (Apple Computer, Cupertino, CA). The image contrast was improved using NIH
Image version 1.59. Canvas Version 5.0 was used to perform microstructural measurements of
the curvature of at least 300 cell walls in each material.
Wall curvature is idealized as a spherical cap and can be quantified by the ratio of cell chord
length to diameter, L/2R, or by the angle, 0, that the face subtends (Figure 2.4a). A simple
method to obtain this curvature from the cross-section of a cell wall is to measure the chord
length, L, and the triangular area, A (Figure 2.4b). The angle, 0, enclosed by the normals at
the ends of the cell wall, is related to the chord length and triangular area by:
=4tan( 4A) (Eqn. 2.5)
.-
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The normalized cell wall curvature, L/2R, is then obtained by:
2R= Sin) (Eqn. 2.6)2R 2
The derivation of these formulas is shown in Appendix 2B. Wall corrugation is idealized by a
periodic wave (Figure 2.4c) with cell face length L, amplitude a, and wavelength of
corrugation A. The number of corrugations, n, is then given by 2L/A. The normalized
frequency can be written as LA; oIL is the normalized amplitude [Simone, 1997].
Cell wall curvature was measured in Cymat, Alporas, and Alulight foams. The Cymat foam
properties vary through the thickness of the sheet due to density variations resulting from
drainage during processing. Previous studies of the cell shape, cell orientation, and density of
Cymat foam indicated that there were three approximately homogeneous sections through the
thickness of the panel [Simone and Gibson, 1998b]. Curvature measurements were made on
the three corresponding horizontal sections and on a single vertically oriented section for the
80, 160, and 380 kg/m3 Cymat foam. The Alporas and Alulight foams contained roughly
equiaxed cells so the curvature measurements were made on sections cut without reference to
the panel or block orientation. Cell wall corrugations were observed in vertically oriented
sections in the 80 and 160 kg/m3 Cymat foam. These corrugations result from partial cell
collapse while the foam is solidifying during processing [Simone and Gibson, 1998b]. The
length, L, average amplitude, a, and number of corrugations, n, were measured for each cell
wall on vertical sections of, the 80 and 160 kg/nm3 Cymat foam. The number of corrugations
was counted as each local maximum in the corrugated cell wall (the cell wall in Figure 2.4d
contains three corrugations). The wavelength, A, of the corrugation was then calculated as
2L/n. To be objective, every cell wall in an imaged section of foam was measured for either
curvature or corrugation.
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2.3 Results
2.3.1 Solid Material Characterization
A summary of the solid cell wall composition for each material is listed in Table 1. The
average composition of each phase was calculated from multiple measurements taken in
different locations on the sample. The volume fraction of each phase was determined from
backscatter SEM images on multiple cell walls. The solid density of each material was
computed from the average composition and volume fraction of each phase; the densities of the
cell wall vary only slightly from the published value of 2700 kg/m 3 for pure aluminum. The
volume fraction of silicon carbide in Cymat foam varies from 3% on the bottom side of the
panel to 48% on the top: during processing, the liquid aluminum drains to the bottom of the
sheet, increasing the concentration of SiC at the top. The volume fraction of 0.152 for SiC
shown in Table 1 represents an average for cell walls taken throughout the sheet; this value is
also the upper limit of the published SiC concentration in Cymat. The values for ERG open-
cell foam were taken as the handbook value for the 6101-T6 aluminum alloy from which it is
made [Davies and Zhen, 1983]. The Young's modulus of the solid material in ERG, Alulight,
Alporas, and Fraunhofer was taken as 69 GPa (the reference value for pure aluminum). The
Young's modulus was taken as 93 GPa for Cymat (value given by the manufacturer). Based
on the average volume fraction of SiC particles in an aluminum matrix, the lower and upper
bound values are 79 GPa and 120 GPa. The measured values of the yield strength of the cell
walls from the indentation tests are shown in Table 1 along with values reported in the
literature. The microstructural features observed in the SEM backscatter images are consistent
with observations from other researchers [Evans et. al., 1997].
Table 2.2 summarizes the average bulk density of each material with the standard deviation of
the measurements. The Alulight and Fraunhofer materials, which are formed via a powder
metallurgical process, exhibit the largest scatter in density between samples. The standard
deviation in density of these two materials is 20% or higher. Based on the solid material
densities from Table 2.1, the nominal relative densities of each material are calculated as:
Alporas, 0.08; Alulight, 0.11; 80 kg/m3 Cymat, 0.03; 160 kg/m3 Cymat, 0.06; and 380 kg/m3
Cymat, 0.13. The density of the Cymat foam varies through the thickness of the panel
[Simone and Gibson, 1998b]. The minimum density was measured for the three Cymat foams
and is also shown in Table 2.2.
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2.3.2 Cell Wall Curvature and Corrugation
The images that were used to measure cell wall curvature and corrugation are shown in Figures
2.5 through 2.10. The cell walls were not characterized in Fraunhofer foam; the material
contained many defects, and cell wall curvature was not thought to be the primary reason for
the degradation in mechanical properties (Figure 2.7). The images are typical of the
microstructures seen in each foam. In the Cymat foam, curvature was measured on the
bottom, middle, and top slices for all three densities and on the vertical slice for 380 kg/m3
density (Figures 2.8-2.10). Cell wall corrugation was measured on the vertical slices of 80
and 160 kg/m3 Cymat (Figures 2.8d and 2.9d).
Figure 2.11 shows the frequency distribution of measured cell wall curvatures in Alulight,
7Alporas, and Cymat (80, 160, 380 kg/m 3). In the Cymat foams, the histograms for horizontal
slices taken from the top, middle, and bottom of the panels showed similar distributions,
indicating that the distribution of curvature remains roughly constant throughout the depth of
the panel; the Cymat histograms have been combined for each of the three densities. The
number of cell walls measured in each sample is shown in Table 2.3.
Since the sectioning plane was randomly cut through the three-dimensional aggregate of cell
walls, the curvature measured in the two-dimensional plane is not necessarily representative of
the actual curvature of each cell wall [Underwood, 1970]. The true curvature distribution in
each foam was determined using the statistical analysis described in Appendix 2C. The
calculated apparent curvature distribution is also shown in Figure 2.11 (as described in
Appendix 2C). The average curvature from the two-dimensional measurement and the average
curvature from the statistically corrected distribution are shown in Table 2.3 and are in close
agreement. The wall curvature for the Cymat samples was measured on the bottom, middle,
and top slices; the curvature distributions were similar for the three layers (as mentioned above)
and their values in Table 2.3 are their summation. The 95t percentile curvature is also shown
in Table 2.3. Using the finite element simulations of Simone shown in Figure 2.12a [Simone,
1997], the average curvature of the cell walls is used to estimate the reduction in Young's
modulus below that for an ideal foam (Eqn. 2.3). Again, using the finite element simulations
of Simone shown in Figure 2.12b [Simone, 1997], the 9 5th percentile cell wall curvature is
used to estimate the reduction in compressive strength below that for an ideal closed-cell foam
(Eqn. 2.4). These values are also shown in Table 2.3.
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Figures 2.13 and 2.14 show the distribution of normalized cell wall frequency and amplitude
for the corrugations in the 80 and 160 kg/m3 Cymat materials. The average and the 95'
percentile values of the corrugation frequency and amplitude are reported in Table 2.4 and are
used to estimate the reductions in Young's modulus and compressive strength (Figures 2.15
and 2.16) below those for an ideal closed-cell foam (Eqns. 2.3 and 2.4). As shown in
Appendix 2C, the measured corrugation frequency should be independent of slice orientation,
and the measured corrugation amplitude may overestimate the actual corrugation amplitude. It
was not deemed worthwhile to apply statistical analysis and correction to measured cell wall
corrugations because the shape of the corrugation ripples deviated significantly from the
idealized model shown in Figure 2.4.
The Young's modulus and compressive strength, normalized by the values for the solid cell
wall material properties isted in- Table 2.1, are plotted against relative density in Figures 2.17a
and 2.17b. Data are shown for the open-cell ERG foam and the closed-cell Cymat, Alporas,
and Alulight foams and was obtained from [Andrews et. al., 1999]. The thick dashed lines
represent the equations for the modulus and strength of ideal open-cell foams (Eqns. 2.1 and
2.2). The thick solid lines represent the equations f: modulus and strength of ideal closed-cell
foams (Eqns. 2.3 and 2.4). The solid data points are the relative Young's modulus and relative
compressive strength. The data for Cymat foam appears twice (solid triangles and open
triangles). The open triangles are shifted to the left of the solid triangles to account for the
minimum density measured in the Cymat sheet. In Figure 2.17a, the theoretical relative
modulus for a closed-cell foam is shown with a 40% reduction to account for curvature and a
64% reduction to account for curvature and corrugations for the 80 and 160 kg/m3 (3% and 6%
relative density) Cymat material. In Figure 2.17b, the theoretical relative strength for a closed-
cell foam is shown with a 50% reduction to account for curvature and a 81% reduction to
-account for curvature and corrugations.
2.4 Discussion
2.4.1 Cell Wall Curvature and Corrugation
The statistical analysis detailed in Appendix 2C was used to estimate the actual distribution of
cell wall curvature in aluminum foams. The value of corrected average curvature in Table 2.3
is very close to the average curvature measured from the two-dimensional slice. There is good
correlation between the measured values and the calculated actuaLcurvature values. This
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correlation occurs because the measured distribution produced by slicing a two-dimensional
'7'
plane through the material has the general shape of a normal distribution. The average
curvature (Table 2.3) is lowest for Alporas, followed by160 kg/rnm3 Cymat. From their two-
dimensional cross sections in Figures 2.5 and 2.9, their cell structure appears more uniform
than in the other materials.
The statistical analysis can be used to further elucidate some microstructural features of each
foam. From Table 2C. 1 in Appendix 2C, the most striking examples are Alporas and Alulight.
In Alporas, nearly half of all cell walls have a normalized curvature of 0.1, whereas in
Alulight, three-quarters of all cell walls have a normalized curvature greater than 0.4. This
dramatic difference in values for cell wall curvature provides an interesting glimpse into
processing conditions for each material. A low cell wall curvature occurs when the pressure in
adjacent cells is fairly uniform. This uniform pressure indicates a homogeneous mixture or
distribution of blowing agent. In Alporas, TiH 2 is mixed into molten aluminum and is
homogenized within the melt. The gas bubbles initiate, grow, and coalesce at an even rate.
Large cell wall curvature occurs when the gas pressure in adjacent cells is uneven, indicating a
heterogeneous distribution of blowing agent. Unfortunately, this implies that it might be
difficult to obtain a homogeneous mixture of Ti, and aluminum powder using current powder
metallurgical processes.
From the two-dimensional cross section of each foam in Figures 2.5-2.10, Alporas (Figure
2.5) appears as the closest to an ideal structure with a fairly uniform cell size. A general
observation that can:be made in Alporas (Figure 2.5) applies to all metal foam'studied. Small
cells have shorter walls with a higher amount of curvature that is convex. Larger cells have
less cell wall curvature and the walls are generally concave. Although this analysis assumes
that the cell walls are spherical caps, the result should not change if the walls are a different
shape, assuming the radius of curvature of the wall remains constant.
2.4.2 Overall Foam Properties
The data for modulus and strength of the ERG foat, lie very close tothe values given by the
model for ideal open-cell foams. These open-cell materials are virtually defect free; there is no
curvature in the struts, and the cells are of uniform size and shape throughout the material.
Even though the cells are slightly elongated in one direction and equiaxed in the perpendicular
plane, their properties are not degraded [Andrews et. al., 1999]. The data for the modulus and
strength of the closed-cell foams lie well below the values suggested by the model for an ideal
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tetrakaidecahedral cell (Eqns. 2.3 and 2.4), especially at low densities. Previous finite element
calculations suggest that the cell wall curvature and corrugations can produce significant
reductions in modulus and strength below the ideal values for perfect structures [Simone and
Gibson, 1998a]. The effect of cell wall curvature on modulus was calculated from the average
corrected curvature in Table 2.3 The effect of cell wall curvature on strength was estimated by
assuming that the weakest cells dominated the properties. Since failure can be triggered by a
small fraction of weak cells [Evans et. al., 1997; Prakash et. al., 1995; Simone and Gibson,
1998], the 95 percentile value of curvature was selected [Andrews et. al., 1999].
The modulus and strength reductions resulting from corrugations in the 80 and 160 kg/m3
Cymat foams were estimated from the average corrugation values (for modulus) and the 95 h
percentile corrugation values (for strength), as explained above. The effect of both cell wall
curvature and corrugations in the low density Cymat foams are combined because curvature
was measured in the horizontal plane, and corrugations were measured in the vertical plane.
The total modulus reduction is 0.22 and 0.41 for the 80 and 160 kg/m 3 Cymat. The total
Strength reduction is 0.11 and 0.22 for the 80 and 160 kg/m3 Cymat.
Figure 2.17 shows graphs of the relative modulus versus relative density and relative strength
versus relative density for aluminum foams. The theoretical curves are shown for open-cell
foam (Eqns. 2.1 and 2.2) and closed-cell foam (Eqns. 2.3 and 2.4). Data is shown for open-
cell ERG and closed-cell Alporas, Alulight, and Cymat foams. The data for Cymat foam is
plotted twice (solid triangles and open triangles). The solid triangles are positioned at the
relative density of the sample tested. However, Cymat foams contain density variations, with
the lowest density located at the top of the sheet. The open triangles are positioned at the
relative density corresponding to the minimum relative density measured in each Cymat
sample. This minimum relative density layer will control the overall mechanical properties.
Two additional curves are shown for the response of a closed-cell foam (Eqns. 2.3 and 2.4)
taking into account curvature and corrugations. In Figure 2.17a, the relative modulus of an
ideal closed-cell foam is reduced an average of 40% due to cell wall curvature for the foams
listed in Table 2.3. In the 80 and 160 kg/m3 Cymat foams, cell wall corrugation reduces the
relative modulus another 50% on average (Table 2.4). In Figure 2.17b, the relative strength
of an ideal closed-cell foam is reduced an average of 50% due to cell wall curvature (Table
2.3). In the 80 and 160 kg/m3 Cymat foams, cell wall corrugation reduces the relative modulus
another 63% on average (Table 2.4).
29
Clearly, cell wall curvature and corrugations account for a large portion in the degradation in
mechanical properties of closed-cell foams. Other factors besides curvature and corrugation
that contribute to the modulus and strength reduction can be attributed to processing defects not
studied in this work (non-uniform cell size, torn cell walls). Also, Simone's finite element
model considered only curved and corrugated cell walls; cell edges were assumed to be straight
[Simone, 1997]. This could have a dramatic effect on the modulus and strength reductions
below an ideal closed-cell foam. Grenestedt showed that even small wavy imperfections could
dramatically reduce the stiffness of open-cell foam and could also reduce to the strength of
open-cell foam [Grenestedt and Tanaka, 1999]. The overall structural behavior of a closed-cell
foam can be thought of as containing contributions from both the cell edges and cell faces; both
play a role in the overall mechanical response.
Also, the distribution of SiC particles could influence the properties of the Cymat foams. The
manufacturer quoted a maximum SiC concentration of about 15% and the average volume
fraction was calculated at 15.2% from the SEM analysis. However, this concentration of 15%
was not observed in any of the twenty-four measured locations. The particle distribution was
found to vary from 3% to 49% throughout the sample, indicating a very heterogeneous
distribution of SiC. Thus, some sections of foam could be either weaker or stronger compared
to the bulk, and the foam properties could vary widely between samples.
2.5 Conclusions
The foam model used in these calculations gives a good representation of cell wall curvature.
However, the idealized corrugation of the model does not accurately reflect the type of corrugation
that actually occurs in the low-density Cymat foams. The corrugation in the cell walls is not
smooth and periodic as the model assumes, but rather has many kinks and twists. The model does
serve a purpose in allowing the curvature and corrugation in real foam samples to be measured and
correlated with a reduction in modulus and yield stress. Although curvature and corrugation of cell
faces does not account for all the reduction in mechanical properties of metallic foams, their effect
can be quantified.
The measured values of Young's modulus and plastic collapse stress of closed-cell aluminum
foams fall below those predicted by models of ideal tetrakaidecahedral cells. This property
degradation is associated with imperfections in the cellular structure, including density variations,
cell wall curvature, and cell wall corrugations. Cell wall curvature is found to reduce the modulus
of aluminum foams between 28 to 52 percent and reduce the strength between 46 to 60 percent.
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Cell wall corrugations reduce the mechanical properties roughly an additional 50 percent. Alporas
foam has the lowest amount of curvature and the best overall mechanical properties. The 3%
and6% relative density Cymat foams have the greatest amount of modulus and strength reduction
due to cell wall curvature and corrugation.
Cell wall curvature and corrugation accounts for almost half of the degradation in modulus and
strength below that for ideal closed-cell foams. Although aluminum foams contain other
processing defects, such as torn cell walls or curved cell edges, it was shown that density
variations in 380 kg/rnm3 Cymat can account for most of this degradation. A heterogeneous
distribution of silicon carbide particles in Cymat foam can also contribute to the modulus and
strength reduction. If these defects can be reduced through improved processing techniques, there
is potential for substantial improvement in the mechanical properties of aluminum foams.
ii
-<'V,
31
2.6 References
Akers, R.J., ed. Foams. London: Academic Press, 1976.
Andrews, E., W. Sanders, L.J. Gibson. "Compressive and Tensile Behaviour of Aluminum
Foams." Materials Science and Engineering A-Structural Materials: Properties, Microstructure
and Processing. vol. A270 (1999): 113-124.
Benning, C.J. Plastic Foams: the Physics and Chemistry of Product Peformnance and Process
Technology. New York: Wiley-Interscience, 1969.
Bikerman, J.J. Foams. New York: Springer-Verlag, 1973.
Borgstedt, H.U., ed. Material Behavior and Physical Chemistry in Liquid Metal Systems. New
York: Plenum Press, 1982.
Chen, C., T.J. Lu, N.A. Fleck. "Effect of Imperfections on the Yielding of Two-Dimensional
Foams." Journal of the Mechanics and Physics of Solids. vol. 47, no. 11 (1999): 2235-
2272.
Davies, G.J. and S. Zhen. "Metallic Foams: Their Production, Properties, and Applications."
Journal of Material Science. vol. 18 (1983): 1899-1911.
Evans, A.G., Y. Sugimura, et. al. "On the Mechanical Performance of Closed Cell Al Alloy
Foams." Acta Materialia. vol. 45, no. 12 (1997): 5245-5259.
Gibson, L.J. "Mechanical Behaviour of Metallic Foams." Annual Review of Materials Science.
vol. 30 (2000): 191-227.
Gibson, L.J. and M.F. Ashby. Cellular Solids: Structure and Properties, 2nd Ed., Cambridge:
Cambridge University Press, 1997.
Grenestedt, J.L. and K. Tanaka. "Influence of Cell Shape Variations on Elastic Stiffness of
Closed Cell Cellular Solids." Scripta Materialia. vol. 40, no. 1 (1999): 71-77
Mondolofo, L. F. Aluminum Alloys: Structure and Properties. Boston: Butterworths, 1976.
Prakash, O., H. Sang, J.D. Embury. "Structure and Properties of Al-SiC foam." Materials
Science and Engineering. vol. A199 (1995): 195-203.
Sebba, F. Foams and Biliqid Foams - Aphrons. New York: John Wiley & Sons, 1987.
Silva, M.J. and L.J. Gibson. "The Effects of Non-Periodic Microstructure and Defects on the
Compressive Strength of Two-Dimensional Cellular Solids." International Journal of
Mechanical Science. vol. 39, no. 5 (1997): 549.
Simone, Anthony. Porous Metals and Metallic Foams. PhD Thesis. Cambridge, Massachusetts:
Massachusetts Institute of Technology, 1997.
Simone, A.E. and L.J. Gibson. "The Effects of Cell Face Curvature and Corrugations on the
Stiffness and Strength of Metallic Foams." Acta Materialia. vol. 46. no. 11 (1998a): 3929-
3935.
32
Simone, A.E. and L.J. Gibson. "Aluminum Foams Produced by Liquid-State Processes." Acta
Materialia. vol. 46, no. 9 (1998b): 3109-3123.
Underwood, Ervin E. Quantitative Stereology. Reading, Massachusetts: Addison-Wesley
Publishing Company, 1970.
Weber, M., J. Baumeister, J. Banhart, H.-D. Kunze. "Selected Mechanical and Physical
Properties of Metal Foams." Proceedings of the Powder Metallurgy World Congress PM94.
Paris (1994): 585-588.
Wilson, A.J. Foams: Physics, Chemistry and Structure. London: Springer-Verlag, 1989.
33
On t
'
cI o", o o ,
~~~~~~~~~~~~~~~~~~~~- 
,~ (', (~ ..-
e > w~~~~~~~~~~~~~e
·-- c co c o c o co c o
-~~c? .- '~ n~~~c C lN N 
^ C) o t tn~9' - -oo°rC- ~~~~~~~~~~~~~~~C,
-r_ v, on<,, o.,,d ~v4
v~~~~~(, ._ .O 0 t_ S ~ .. , '
o~ o, --: t ~ -, Eot 
40o,- _o o,' .- o o
U Z <'~ t 0 << b < n o t m Z N
N C1 CN < ... 
f-;
,.CA
c~
-0t
0
103
-
0
N
:W
[.
uz
c
._
F-
34
2.7 Tables
Table 2.2 Density measurements of various foams. Cymat foams contained density variations
and the minimum density is shown for the lowest density layer (top) of the sheet.
Table 2.3 Cell wall curvature for aluminum foams.
the corrected average curvature. Although not shown,
smaller than the reduced modulus.
The reduced modulus was calculated from
the lower bound modulus is only slightly
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Material Total Bulk Density, Standard Relative Density, Min. Relative
Samples P* (kg/m3) Deviation P* /PI Density, p* /p
ERG 26 192 4% 0.071 
Alporas 19 211 6% 0.078 -
Alulight !1 309 20% 0.108 -
Fraunhofer 10 550 23% 0.202
Cymat
(380 kg/m3) 19 360 5% 0.131 0.090
Cymat
(160 kg/m3) 8 156 4% 0.057 0.026
Cymat 
(80 kg/m3) 5 85 2% 0.031 0.012
Corrected Reduced 95h
Foam Walls Average average Modulus percentile
Measured L12R L12R
(statistical) 2
Cymat(80kg/n 3) 318 0.33 0.36 0.48 0.6 0.40(80 kg/m )
Cymat
a(160 kg/r 3) 1171 0.28 0.29 0.61 0.5 0.49(160 kg/m )
Cymat(380 kg/rm3 ) 597 0.34 0.37 0.63 0.6 0.54
Alporas 579 0.21 0.21 0.72 0.5 0.53
Alulight 320 0.37 0.42 0.57 0.6 0.54
Table 2.4 Cell wall corrugation frequency and amplitude for Cymat foams.
Foam # Walls |Average Average |**
Measureds U~. a/i.. E*/E ° percentile percentile, *o
L/A aL
Cymat(80kg/m3) | 83 1.67 0.067 0.46 4.5 0.12 0.27
Cymat(160kg/n 3 ) 44 1.14 0.058 0.67 3.0 0.11 0.46(160 kg/_ __
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2.8 Figures
Figure 2.1 Idealized foam represented by a repeating tetrakaidecahedral unit cell [Simone,
1997].
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Figure 2.2a Relative Young's modulus versus relative density for metal foams [Gibson, 2000].
38
10-1
':
cn*O3 10-2
C)U3C,)
.mA
0.
E 10-30
4)
in-4
0.01 0.1
Relative Density, p /p.
Figure 2.2b Relative compressive strength versus relative density for metal foams [Gibson,
2000]. The strength ofmetal foams in compression in similar to the strength in tension.
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(a)
(b)
Figure 2.3 Photographs of the defects in metal foams (not to scale). Non-homogeneous cell
structure is evident in (a) Fraunhofer foam and a torn cell wall is shown (b) in Alulight foam
(center of picture).
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Figure 2.4 Illustration of (a) the geometric parameters characterizing cell face curvature and
(b) their measurement in foam. The geometric parameters characterizing cell face corrugation
are shown in (c) and their measurement in foamis shown in (d).
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Figure 2.6 Image of Alulight foam used to measure cell wall curvature.
Figure 2.7 Image of Fraunhofer foam. Cell wall curvature was not measured in this material.
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Figure 2.9 Images of 160 kg/m3 Cymat foam. Cell wall curvature was measured on horizontal
sections through the (a) bottom, (b) middle, and (c) top of the sheet. Cell wall corrugations were
measured on the (d) vertical section. Drainage of the liquid during processing is visible on the
vertical section.
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Figure 2.10 Images of 380 kg/mrn3 Cymat
foam. Cell wall curvature was measured on
horizontal sections through the (a) bottom, (b)
middle, and (c) top of the sheet. Cell wall
corrugations were measured on the vertical
section (d). The density of the sheet is higher
near the bottom due to liquid drainage in the
molten tate; (d).
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(a)
Figure 2.11 Distribution of cell wall curvature in (a) Alporas, (b) Alulight, (c) 80 kg/m3 Cymat,
(d) 160 kg/m3 Cymat, and (e) 380 kg/rnm3 Cymat foams. The measured cell wall curvature is
shown by the black bars. The grey bars show the distribution of the calculated actual three-
dimensional cell wall curvature calculated in Appendix 2C. (b), (c), (d), and (e) shown on
following pages.
46
0.25
C0
o 0.2
LL
-. 0.15
0.1
0.05
0.05
0
w_ _ _ . ,. l. _ I s | L .
.I ~~I M..M 
-l--r-I I
, 1_1~g
n oU. %3 r--- I-
Alulight
I ' I ' I I I ' I I I I 
* Measured
* Calculated
J L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cell Wall Curvature (U2R)
Figure 2.11 (b)
Cymat (80 kg/m 3)
I T -I ---- --r I I '
m Measured .
* Calculatedi
, l l s l~~~~~~~~~~~~~~~~'
L I
0.1 0.2 0.3 0.4 0.5
Cell Wall Curva
L L L
0.6 0.7 0.8 0.9
ture (L/2R)
Figure 2.11 (c)
47
V.
0.25
C
il0
Z 0.2
(U
u.
= 0.15
0.1
0.05
0
2
'.O
0.25
0
._o
u 0.2
LL
= 0.15
co
= 010
0.05
0 L I
n 2
-
____MEW
mm.
-- -- --
Cymat (160 kg/m3)
i II I I ' I - I ' I i
U Measured
0 Calculatedl
L I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cell Wall Curvature (2R)
Figure 2.11 (d)
~n 1~ ~Cymat (380 kg/m3)
I I I I ' I I I I I
* Measured
U Calculated 
L j I L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 " 0.9
Cell Wall Curvature (2R)
Figure 2.11 (e)
48
o 0.2
LLU . 4
.. "11 4 C
- u. 
-- 0.1
0.05
0
0.25
0
o 0.20U.
U-O.
= 0.150
= 0.1
..)
0.05
0
VJ. 
0.25
0
--
A .
7
I
I
L
L
mmmmm"
.. m .
I  I mm
0 0.1
0 0.1
0.2 0.3 0.4 0.5 0.6 0.7
Cell Wall Curvature (/2R)
(a)
0.2 0.3 0.4 0.5 0.6 0.7
Cell Wall Curvature (LU2R)
(b)
Figure 2.12 (a) Modulus reduction and (b) strength reduction for curved cell walls as a
function of cell wall curvature for different relative densities. The reductions for relative
densities of 0.03, 0.06, 0.08, and 0.14 were extrapolated from Simone's FE data [Simone and
Gibson, 1998a; Simone, 1997] for relative densities of 0.05 (solid line), 0.10 (long dash), and
0. 15 (short dash). 
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Figure 2.13 Histogram showing the number of cell walls with a given normalized frequency for
(a) 80 kg/m3 Cymat and (b) 160 kg/m3 Cymat.
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Figure 2.15 (a) Modulus reduction and (b) strength reduction for corrugated cell walls in a 3%
dense foam as a function of normalized frequency for different normalized amplitudes. The
reductions for normalized amplitudes of 0.067 and 0.12 were extrapolated from [Simone, 1997]
for normalized amplitudes of 0.025, 0.05, and 0.10.
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Figure 2.16 (a) Modulus reduction and (b) strength reduction for corrugated cell walls in a 6%
dense foam as a function of normalized frequency for different normalized amplitudes. The
reductions for normalized amplitudes of 0.067 and 0.12 were extrapolated from Simone's FE
data [Simone, 1997] for normalized amplitudes of 0.025, 0.05, and 0.10.
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Figure 2.17a Relative modulus versus relative density for aluminum foams. The data for
Cymat foam appears twice (solid triangles and open triangles). The open triangles are shifted to
the left of the solid triangles to account for the minimum density measured in the Cymat sheet.
The theoretical relative modulus for a closed-cell foam is shown with a 40% reduction to account
for curvature and a 64% reduction to account for curvature and corrugations.
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Figure 2.17b Relative strength versus relative density for aluminum foams. The data for .
Cymat foam appears twice (solid triangles and open triangles). The open triangles are shifted to
the leftof the solid triangles to account for the minimum density measured in the Cymat sheet.
The theoretical relative strength for a closed-cell foam is shown with a 50% reduction to account
for curvature and a 81% reduction to account for curvature and corrugations.
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2.9 Appendix 2A: Additional information on SEM analysis and the determination of
the volume fraction of each phase.
A backscatter detector was used to differentiate each phase. The images appeared in
greyscale-elements with high atomic numbers and phases with high average atomic numbers
appear brighter in the image. In each material, there were several apparent brightness variations.
Figure 2A. 1 shows an example of this in a backscatter image of a cell wall in Alporas foam.
There are three distinct phases present in this image: a dark grey phase, a light grey phase, and a
white phase. The black regions within the cell wall are voids that were not characterized further.
The microprobe analyzer was positioned over the different regions to detect the local chemical
composition. Between four and eight measurements were taken at different locations for each
phase. Data listed in [Mondolfo, 1976] was used to aid in the identification of phases.
For the Alporas sample in Figure 2A.1, chemical analysis revealed that the dark grey region is
aluminum. Other elements, such as Mg, Si, and Ti, were detected in small amounts, but their
concentrations were below the detector's limit of 0.1 atomic percent. The light grey regions
were analyzed in four different locations (Table 2A.1) and were determined to be an
aluminum/titanium/calcium phase with the average composition of 87.1Al-8.5Ti-4.2Ca. The
white regions were analyzed in four locations (Table 2A.2) and were determined to be an
aluminum/iron phase containing small amounts of calcium and titanium with an average
composition of 81.0AI-16.9Fe-1.6Ca-0.6Ti. Similar analysis was completed for each observed
phase in Alcan, Alulight, and Fraunhofer foams. A summary of these results is shown in Table
2.1.
To determine the overall volume fraction of each phase, a false color palette was assigned to
each image in NIH Image@. A 256-level indexed color palette was chosen so that each phase
was clearly delineated. A histogram of the color levels was generated and output to Microsoft
Excel® Version 5.0 to calculate the total number of pixels corresponding to each phase. An
example of the type of histogram generated is shown in Figure 2A.2. The area fraction (volume
fraction) of each phase is determined from the pixel count, as shown in Table 2A.3.
Representative SEM backscatter images are shown for Alulight, Alporas, and Fraunhofer foams
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in Figures 2A.3, 2A.4, and 2A.5. The greyscale images do not clearly differentiate every phase,
thus black and white phase maps have been included. The phase maps were generated by setting
all the color values that correspond a specific phase to black (all other color values were set to
white). This technique provides a clear distinction between each phase.
SEM backscatter images for Cymat foam are shown in Figures 2A.6 through 2A.8. Each phase
is clearly distinguishable in the black and white image so phase maps were not generated. Figure
2A.6 shows the variation in silicon carbide concentration throughout the material. The lowest
SiC concentration observed is 3% and the highest is 49%. The variation in SiC concentration
within a region is visible in Figure 2A.7.
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2.9.1 Appendix 2A Tables
Table 2A.1
Table 2A.2
Composition in atomic percent of Al-Ti-Ca (light grey) phase in Alporas.
Composition in atomic percent of Al-Fe-Ca-Ti (white) phase in Alporas.
Table 2A.3 The volume fraction of each phase as determined from the pixel count for the
Alporas sample shown in Figure 2A. 1.
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Elementt Spot 1 Spot 2 Spot 3 Spot 4 Average (St. Dev.)
Al 86.7% 88.0% 86.8% 86.9% 87.1% (0.6%)
Ti 8.6% 7.9% 8.8% 8.7% 8.5% (0.4%)
Ca 4.4% 3.9% 4.3% 4.3% 4.2% (0.2%)
tAll other elements below 0.1 percent detector limit
Elementt Spot 1 Spot 2 Spot 3 Spot 4 Average (St. Dev.)
Al 77.9% 81.2% 79.3% 85.7% 81.0% (3.4%)
Fe 21.2% 14.1% 18.3% 14.1% 16.9% (3.5%)
Ca 0.5% 4.6% 1.0% 0.1% 1.6% (2.1%)
Ti 0.4% - 1.3% 0.1% 0.6% (0.6%)
tAll other elements below 0.1 percent detector limit
Color Phase Color Levels # pixels Volume Fraction
White Al-Fe 1-50 665 0.60%
Lt. Grey Al-Ti-Ca 51-126 15319 13.94%
Grey Al 127-254 93937 85.46%
2.9.2 Appendix 2A Figures
Figure 2A.1 SEM backscatter image of a cell wall in Alporas foam. Dark grey areas are
aluminum matrix, light grey areas are an alumrninum/titanium/calcium phase, and white areas are
an aluminum/iron phase. Black spots in the cell wall are voids.
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Figure 2A.2 Pixel histogram for Alporas image shown in Figure 2A. 1 (pure white is level 0;
pure black is level 255). Arrows indicate the delineation (level number) between phases in
Figure 2A. 1: the white phase corresponds to levels 0-50; the light grey phase corresponds to
levels 51-126; the dark grey phase corresponds to levels 127-254. The black pixels (level 255)
have not been included in the histogram.
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10 4
Alulight 300pm
(a)
Figure 2A.3 (a) SEM backscatter image of a cell wall in Alulight foam. Black and white phase
maps are included, showing each phase in (a) from darkest to lightest: (b) outline of cell wall, (c)
Si phase, (d) Al/Si/Fe phase, (e) Al matrix, (f) Ti/AI phase, and (g) Ti phase.
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(a)
Figure 2A.4 (a) SEM backscatter image of a cell wall in Alporas foam. Black and white phase
maps are included, showing each phase in (a) from darkest to lightest: (b) outline of cell wall. (c)
Al matrix, (d) Al/Ti/Ca phase. and (e) Al/Fe phase.
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T----T-
I
Fraunhofer 200pm
(a)
Figure 2A.5 (a) SEM backscatter image of a cell wall in Fraunhofer foam. Black and white
phase maps are included, showing each phase in (a) from darkest to lightest: (b) outline of cell
wall, (c) Al matrix, (d) Al/Si/Fe phase, (e) Si/Ti/AI phase, and (f) Ti phase.
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Figure 2A.7 SEM backscatter images showing local variations of silicon carbide particles in
Alcan foam: In (a) and (b) the t otal SiC fraction is 1 8%, but regions of higher concentration can
be seen. Cracks appear to propiagate in these high concentration regions. Picture,,- (c) and (d)
illustrate one potential cause for local SiC variations. Large SiC particles have partially broken-
up, forming "microsatellites" (the dark spot in (c) contained a SiC particle that fell out during
polishing). In (d), there also appears to he a higher concentration of SiC particles at the surface
of the cell wall. Dark particles are SiC, light regions are an Al-Si-Mg-Fe phase. and greC, areas
are the aluminum matrix.
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2.10 Appendix 2B: Measurement and calculation of cell wall curvature.
R
L
R
' I
'I%% 
Figure 2B.1 Diagram of curved cell wall.
Rsi -22 2 *si O
L
2R (Eqn. 2B.1)
Rco )=R d co{) R-d 1-R
d
R
(Eqn. 2B.2)
Rearranging (Eqn. 2B.2):
1 1- co( )
R d
substitute (Eqn. 2B.3) into (Eqn. 2B.1):
(Eqn. 2B.3)
2) 2d( 2) (Eqn. 2B.4)
2d Ics 2
Using the fundamental trigonometric identity:
an 1 -lcosatan j =
- ~~~~~sina
(Eqn. 2B.5)
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Let a = 0/2 so that
2d 0
= ta
L 4
'i!i~
I
;r
,!
(Eqn. 2B.6)
,,
O= 4tan-l 2d)
_TL) (Eqn. 2B.7)
The area of the triangle created by L and d is:
dLA22 2AL (Eqn. 2B.8)
substitute (Eqn. 2B.8) into (Eqn. 2B.7):
0= 4tanl(4A)
2T
(Eqn. 2B.9)
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solve for 0.
2.11 Appendix 2C: Effect of two-dimensional slice orientation on the measurement of
actual three-dimensional curvature and corrugation of a cell wall.
Determining the exact three-dimensional characteristics from a two-dimensional image is a
classic problem. How do two-dimensional measurements of cell wall curvature relate to the
actual curvature in three-dimensions? A simple analogy occurs in the determination of particle-
and grain-size distributions of a three-dimensional system from a two-dimensional slice. The
cross section of a monodisperse system of spheres will yield circular sections that have a
distribution of sizes, even though they are obtained from spheres of uniform diameter. Extensive
treatment of various analysis techniques are provided in [Underwood, 1970] in an attempt to
quantify this phenomena. The following analysis has been inspired by several techniques
including Underwood, Schwartz-Saltykov, and Saltykov analysis.
Figure 2C. 1 illustrates the case of a two-dimensional slice through a spherical cap. The plane of
each slice is parallel to the axis of rotation of the cap. The maximum curvature is obtained by
cutting through the center (axis of rotation); the curvature decreases if the slice is made farther
from the axis of rotation. From Figure 2C. 1,
< < or 01 < 02 < 03 (Eqn. 2C.1)2R1 2R2 2R3
The apparent curvature of the spherical cap also changes with the angle of the slice relative to the
axis of rotation. As the angle of the slicing plane is increased, the apparent curvature increases
(Figure 2C.2).
To account for this effect, the observed curvature distribution was calculated as a function of
both slice position and angle relative to the axis of rotation of the spherical cap. Figure 2C.3
shows the relevant geometric parameters. The observed wall curvature of a two-dimensional
slice is calculated as a function of the angle, a, of the slice relative to the axis of rotation of the
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spherical cap and the vertical offset of the slice, x, from the midpoint of the spherical cap. The
line b and angle 5 are found as
b = x2 +(Rcos 2 and = tan- (Rcs2~~~~~~fo (Eqn. 2C.2)
The angle P is equal to
ft3=r-a+6 (Eqn. 2C.3)
Based on trigonometry formulas for a triangle,
siny= sin = y= sin- Isi'n
R 
(Eqn. 2C.4)
The angle E is then equal to
(Eqn. 2C.5)
The line h is then found as
sine
sin/
(Eqn. 2C.6)
The line h is equal to the triangle height d in Appendix 2B (more clearly observed in Figure
2C.3b). The length of the wall measured on the slicing plane, Ls,ice (also the base of the triangle
in Appendix 2B), is a function of the slice offset, x, from the mid-plane of the spherical arc. If L
is the actual wall length (measured at the mid-plane of the spherical cap, then Lslice is obtained
from simple trigonometric relationships shown in Figure 2C.3b so that:
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Lslice = Lco sin( - 2) or Lsice = 2 - 2 (Eqn. 2C.7)
The area of triangle described in Appendix B for the slice is
Aslice hLice hLco sin - (Eqn. 2C.8)
The curvature of the arc in the two-dimensional slice is then
Oslice = 4tan- 4Aslice and Rslice Osl ) (Eqn. 2C.9)Ls 2Rlice
Rslice is the radius of curvature of the measured (shown for three different slices in the ideal cell
wall in Figure 2C.1).
Based on this analysis, Figure 2C.4 shows the distribution of measured curvatures that
corresponds to foam with uniform cell wall curvature. For example, if every cell wall in a foam
has an actual curvature of L/2R = 0.1, measurements from a two-dimensional slice would show
that 47% of cell walls have a curvature of 0.1, 41% of cell walls have a curvature of 0.2, 9% of
cell walls have a curvature of 0.3, and 3% of cell walls have a curvature of 0.4 (from Figure
2C.4). Thus, a single, uniform cell wall curvature would generate a distribution of cell wall
curvatures when measured on a two-dimensional slice. Using the distributions shown in Figure
2C.4, the actual cell wall curvature in each foam sample can be estimated. It is assumed that
each foam contains some fraction of actual curvatures of L/2R = 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6.
Microsoft Excel was used to iterate the volume fraction (amount) of each curvature until the
calculated (apparent) curvature distribution matched the measured curvature distribution (Figure
2C.5). There is a unique solution of the volume fraction of actual curvatures such that the
calculated (apparent) curvature distribution from the effect of the two-dimensional slice will
match the measured curvature distribution. For Alporas, the calculated (apparent) curvature
distribution was matched to the measured curvature distribution by assuming that 48% of the cell
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walls have a curvature of 0.1, 12% of the cell walls have a curvature of 0.2, 31% of the cell walls
have a curvature of 0.3, and 9% of the cell walls have a curvature of 0.5. This procedure was
repeated for each material and a summary of this calculation is shown in Table 2C. 1. It is
possible to tweak the individual volume fractions a small amount without dramatically altering
the calculated (apparent) curvature distribution. However, it is not possible to make large
changes in the individual volume fractions of cell wall curvature and still obtain matching
distributions. A limitation of this analysis is the assumption that the curvature in each cell wall is
constant, which might not be the case. Curvature variation in individual cell walls was not
characterized.
The effect of slice orientation on the corrugation measurements can be treated in the same way as
the curvature measurements. The cell walls are assumed to have idealized corrugation oriented
in the horizontal direction as shown in Figure 2C.6. The normalized corrugation frequency,
L/), remains constant, regardless of slice orientation. For a vertical slice, the normalized
corrugation amplitude, a/L, is at a minimum when the slice is perpendicular to the cell wall.
When the orientation of a vertical slice is rotated (Slice 2 in Figure 2C.6), the normalized
corrugation amplitude increases. If the slice remains perpendicular to the cell wall but is rotated
away from vertical, the normalized corrugation amplitude decreases.
The measured normalized corrugation frequency is independent of slice orientation whereas the
measured normalized corrugation amplitude is either larger or small than the actual three-
dimensional value for a randomly oriented slice. For the Cymat foams, corrugation was
measured on vertical slices, so the measured values of normalized corrugation amplitude will
probably overestimate the actual values. However, further statistical analysis was not performed
on the distributions of cell wall corrugations because the actual shape of the corrugation ripples
(Figure 2.8) deviated significantly from the idealized model (Figure 2.4).
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2.11.1 Appendix 2C Tables
Table 2C.1 Calculated distribution of cell wall curvature in aluminum foams.
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Volume Fraction of Cell Walls with a Curvature (L/2R) of:
Foam 0 1 0.2 0.3 0.4 0.5 0.6
Cymat (3%) 0.04 0.09 0.5 0.05 0.22 0.1
Cymat (6%) 0.17 0.27 0.14 0.35 0.08 0.0
Cymat (14%) 0.0 0.18 0.24 0.32 0.23 0.03
Alporas 0.48 0.12 0.31 0.0 0.09 0.0
Alulight 0.06 0.2 0.0 0.22 0.25 0.27
2.11.2 Appendix 2C Figures
:e I
Slice 2
Slice 3
or 01 <02 <03
2R3
Figure 2C.1 Illustration of the change in curvature depending on slice orientation.
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Figure 2C.2 Illustration of the change in curvature relative to slice angle.
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Figure 2C.3 Geometric parameters used to calculate observed curvature distribution.
(a) side view, (b) isometric view (facing page).
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Figure 2C.3 (b)
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Figure 2C.4 Distribution of measured slice curvature for uniform cell wall curvature (LU2R =
0.1 to 0.6).
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3.0 COMPRESSION OF SINGLE HOLLOW
SPHERES
3.1 Introduction
Foam is a three-dimensional cellular material consisting of gas bubbles dispersed in a solid or
liquid matrix. The applications of foamed materials include thermal insulation (Styrofoam coffee
cup), energy absorption (packaging), buoyancy (cork), and structural (core material of sandwich
panels, vibration damping). A range of properties can be obtained by adjusting the relative density
of the foam, allowing it to be tailored for a particular application. Metallic foams are the newest
foams being investigated; however, compared to idealized models, they exhibit poor mechanical
properties. Researchers are working on understanding the reasons that metallic foams haven't
reached their potential in terms of mechanical performance. One solution to this problem involves
manufacturing a metallic foam from hollow spheres. If the diameter and thickness of the spheres
can be controlled, a foam with a very uniform, predictable microstructure can be made.
There have been significant advances in the production and the utilization of hollow-sphere foams.
However, the mechanical behavior of these materials has not been fully characterized. This paper
begins to address the mechanical behavior of hollow-sphere foams by analyzing the case of simple
compression of a single hollow sphere between two platens. This system is modeled in
ABAQUS® and analyzed to determine how the elastic and plastic properties behave as a function of
the relative thickness (thickness-to-radius ratio) of the hollow spheres. Experimental testing was
conducted on metallic hemispherical shells to verify the finite element modeling simulations.
Several solutions exist for the strength of ceramic hollow spheres: analytical solutions have been
developed for spheres undergoing both uniaxial and hydrostatic compressive forces [Bratt, 1983;
Green and Hoagland, 1985; Swanson, 1983], and finite element simulations were used by
[Chung, 1992]. However, these are failure-based approaches and do not accurately reflect the
deformation behavior of hollow spheres when plasticity is considered. When loaded under a rigid
plate, metallic spherical shells exhibit three distinct deformation phases. The first phase occurs as
the spherical shell is flattened under the crushing load of the rigid wall. This is followed, in the
second phase, by the formation of at inward axisymmetric dimple. At this point, the contact
surface between the spherical shell and the rigid wall becomes a circular line. As the shell is
compressed, he axisymmetric dimple is enlarged and the plastic hinge (underneath the circular
contact line and with a general toroidal shape) grows outward. In the third phase, the
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axisymmetric dimple buckles into a non-synmmetric shape consisting of an integral number of
lobes. [Kinkead et. al., 1994; Kitching et. al., 1975] This third phase usually occurs under a large
amount of compression, if at all. Thus, it will not be considered further in this study.
3.2 Analytical Solutions for a Spherical Shell
3.2.1 Elastic
Roark developed a model in which a load is concentrated on a small circular area of radius ro
on a partial spherical shell [Young, 1989]. The loading conditions and geometry are shown in
Figure 3.1. The following formulas are applicable as long as the spherical cap angle
0 > sin-1(1.651i) where t is thickness and R is radius. The deflection, d, under the center
of load is,
PR 1- 2
d=-A - (Eqn. 3.1)
Est2
where Es and v5 are the Young's modulus and Poisson's ratio of the solid material, and A is a
numerical coefficient
A = -0.0251p 4 +0.105p3 -0.164# 2 -0.0122u + 0.433, 0 p <1.4
where the variable is defined as
= R2t 2
and the variable r is
41.6r + t2 -0.675t, ro < 0.5t
ro rO .5t
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For a hemispherical shell compressed by a platen, r is roughly obtained from the displacement
where ro is given by:
=Rcos sin- _ d)J (Eqn. 3.2)
Based on the Roark model, the load can be obtained as a function of displacement:
E't2P Etd (Eqn. 3.3)
AR 2V,
This can be expanded and normalized to obtain the following under compression:
P E s d C\ 2
-2 ()S III (Eqn. 3.4)
mR2 Ar 1-V2dR /:
Since d/R is equivalent to strain, e, and P /rR2 is equivalent to stress, a (load on a sphere
divided by the entire cross sectional area of the sphere), the equation can be simplified to
(aRoark = ) (Eqn. 3.5)
The elastic modulus of the hemisphere under compression, ERoark, is then found as:
Eark = E (Eqn. 3.6)Roark Ar1-R 2
Therefore, the relative modulus for the hemisphere is:
E oark 1 t 2
RIr t (Eqn. 3.7)
According t  this Analysis, the relative modulus is proportional to the square of the shell
According to this analysis, the relative modulus is proportional to the square of the shell
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relative thickness, indicating a bending-dominated mode of deformation [Gibson and Ashby,
1997]. In the limit of a point load, the solution converges to
Et*ork 2i .- I (Eqn. 3.8)
3.2.2 Rigid-Perfectly-Plastic
Updike used rigid-perfectly-plastic analysis to obtain a theoretical solution for a spherical shell
loaded by contact with a flat rigid surface [Updike, 1972]. The following equation for
load/displacement is limited to an overall compression between a few thicknesses and one tenth
of the shell radius.
P = 2713 x yst3/2d1 /2 (Eqn. 3.9)
where ys is the yield strength of the solid material in the shell. The static crushing of a
spherical shell between rigid plates is also analyzed by De Oliveira and Wierzbicki [De Oliveira
and Weirzbicki, 1982]. Te solution:
d 43Py 2 J 32( t{4 2 +2) (Eqn. 3.10)
is similar to that of Updike, but the authors claim it is valid over the entire crushing distance of
the sphere. However, both Eqns. 3.9 and 3.10 have been found to be completely
unsatisfactory above 10% compression [Kinkead et. al., 1994]. An important simplifying
assumption made by Updike [Updike, 1972] and De Oliveira [De Oliveira and Weirzbicki,
1982] is that the displacement of the point of the shell on the axis of symmetry following
dimpling is always twice the crushing displacement. This was not found to be the case
[Kinkead et. al., 1994].
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3.2.3 Power Law Relationship
Kinkead performed a detailed analysis using a power law relationship (true stress/true strain)
for the solid material of the form [Kinkead et. al., 1994]:
a = A* .En (Eqn. 3.11)
In addition, Kinkead assumed the deformation occurred in two phases. In the first phase, a
local flattening of the shell occurs in contact with the rigid plate, whereas in the second phase,
an axisymmetric inward dimple forms and grows during compression. The pre-dimpling
behavior can be described by the expression
PX [ 1dEpt2[ e u ]
2 ker' u 1_ I
(Eqn. 3.12)
where:
{12(1- V2)}
r, is the midplane radius of the shell (Figure 3.1) and E is the plastic modulus, which can be
found from the following set of equations
EP =J .A* r)n-
sin W
cos = 1--
rS
The Bessel function value of ker' I (in Eqn. 3.12) may be obtained from [Dwight, 1957].
Kinkead's description of the second phase in which dimpling occurs is quite complicated. The
dimpling load is written as:
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A (r S I 0+ r) { 2r2 t nP=2ir - -i2x/3-r. + r +2r, 2.
+12 2 r +
-l 2\ t 2 r 0 - 2 rJ
(Eqn. 3.13)
The deflection collapse distance of the shell during the dimpling process is given by
d=r[ r.) I .( - ) f (Eqn. 3.14)
The geometric variables I;, R., ,, and 2 describe the shape of the dimple and the toroidal
plastic hinge as shown in Figure 9 of [Kinkead et. al., 1994]. The geometric variables in Eqns
3.13 and 3.14 are solved using a numerical evaluation of the minimum plastic energy
expenditure during compression. This establishes the general geometry of the spherical shell
during the dimpling mode as a function of deflection collapse distance, d, which is then used to
solve for the dimpling load, P. This evaluation assumes that work hardening has no significant
effect on the dimple geometry. This analysis does provide an iritial "ballpark" solution to the
load-deflection behavior of a spherical shell in contact with a rigid wall. However, the authors
acknowledge that their solution fails to accurately model the load-deflection behavior of the
shell in transition between flattening and dimpling. Cusps are formed at the intersection of the
solutions for the two deformation phases (Eqns. 3.12 and 3.13) that do not accurately reflect
the actual experimental behavior. In addition, the authors also acknowledge that their analytical
solution is somewhat lengthy and cumbersome to apply [Kinkead et.Kal., 1994].
A semi-analytical model was developed by [Gupta et. al., 1999]. However, the solution can
only be determined by first conducting an experimental test to determine constants that are then
input back into the "analytical" solution. This must be done for every shell geometry to be
investigated and is impractical for an analytical-based approach. Figure 3.2 shows load-strain
behavior of the Updike, De Oliveira, and Kinkead solutions compared to an experimental test
on a mild steel hemisphere [Kinkead et. al., 1994]. Both the Updike and De Oliveira solutions
do not adequately describe the initial loading behavior of a spherical shell at small strains. The
two solutions also diverge from the experimental data above 10% strain. At 20% strain, the
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load predicted by Eqn. 3.9 is almost 30% below the experimental value. In the Kinkead
solution, shell geometry and material properties affect the location of the cusp. In Figure 3.2,
the cusp occurs at 11% strain and overestimates the experimental load by nearly 45%.
Although not .hown in Figure 2-3, the Kinkead solution reconverges with the experimental
data and provides a reasonably good estimate of the experimental load between 20% and 50%
strain. The Kinkead analysis also provides a good description of the initial loading of a
spherical shell. Equation 3.12 correlates with the experimental data up to 4 or 5 percent strain
[Kinkead et. al., 1994]. None of these analytical solutions provide a good description of the
full load-displacement response up to 15 or 20 percent strain.
3.3 Methods
3.3.1 Finite Element Model
3.3.1.1 Model Geometry
Finite element models were created to simulate the compression of a single sphere between
two platens as shown in Figure 3.3a. The models were programmed in ABAQUS v5.8-14
and processed on a DEC AlphaStation 500. To reduce the complexity of the model and
computer analysis time, the entire hollow sphere does not have to be modeled due to its
symmetry. Because the testing geometry-is symmetrical about the sphere's equatorial axis,
it is necessary to model only the top or bottom half. Secondly, by using axisymmetric
elements, the problem can be modeled as a 2-D axisymmetric arc shown in Figure 3.3b.
Figure 3.4 shows the ABAQUS model with the boundary conditions indicated. The
equatorial node is free to displace in only the r-direction with no node rotations allowed.
The node at the pole is constrained in the r-direction so that it is free to displace in only the
z-direction (to allow dimple formation) with no node rotations allowed. A rigid surface is
placed near the pole of the sphere to simulate the loading platen; this surface is constrained
in every direction and for every possible rotation. A displacement is applied at the equator
in the z-direction to simulate compression of the platens. Friction is set to zero between the
platen and the sphere [Kinkead et. al:, 1994]. Finally, the non-linear geometry parameter
is enabled in ABAQUS because the compressed hemisphere would undergo large shape
deformations.
The 2-node general purpose, axisymmetric shell element, SAXI, is used to mesh the hollow
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sphere model. SAX2 is a 3-node curved shell element that would have more accurately
modeled the curvature of the surface; however, it dramatically increases computation time.
Since SAX1 is a flat faceted element, a mesh of sufficient density is required when
modelinga curved surface to obtain accurate results. [ABAQUS, 1998] A convergence
study wa's conducted by varying the density of elements in thearea of the sphere that
experiences contact with the platen surface during loading. The results of this convergence
study are shown in Figure 3.5. In Figure 3.5a, the load versus the strain imposed on the
sphere is plotted. At low element density, there is considerable noise in the plot due to the
flat faceted SAX1 elements. As the density is increased, this noise becomes minimal. The
initial slope of the loadstrain curve at various mesh densities,is shown in Figure 3.5b At
a density higher than three elements per degree, the slope converges to within 1% of its
asymptotic value. Figure 3.5c shows the yielding load at the various mesh densities.
Yielding load is defined by the initrsection of a line with 0.2% offset and slope equal to
initial slope of the load-strain curv;e. The solution converges to within 1% at densities
greater than two elements per degee. As seen in Figures 3.5a-c, a density of thre e
.i.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~·
elements per degree mi the contact and bending regions of the hollow sphere is sulfficient to
obtain accurate results1from the flat faceted SAXI elements. The final element distribution
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CTys ECO , E o Es
These variations cover a range of possible materials and geometries in which metal hollow spheres
can be manufactured. A displacement was applied at the equatorial node in the positive z-direction
up to a total strain of 15%. The mesh was periodically unloaded to obtain the modulus at various
amounts of strain. A summary of all model variations can be found in Appendix 3B.
3.3.2 Experimental
3.3.2.1 Compression of Shells
Hemispherical shells were compressed between two platens using an Instron 1321 with a
10,000 lb. load cell and an 8500 Series Controller. The shells were manufactured from
3003 aluminum, 70:30 brass, 1010 carbon steel, and 304 stainless steel (J. G. Braun
Architectural Metals, Illinois) with a wall thickness of roughly 0.125 inches and radii of
1.25, 1.5, 2.0, 2.5, 3.0, 4.0, and 6.0 inches. Based on their thickness and radii, the
relative thickness of these shells ranged from 0.021 to 0.1 (Table 3.1). Figure 3.7 shows
the experimental setup for a hollow spherical shell created from two hemispherical shells
(the setup is identical for a single hemispherical shell). The shells were periodically
unloaded and reloaded as they were compressed to obtain the elastic slope at increasing
amounts of total strain. Some of the shells were tested in pairs, forming a complete hollow
sphere (the shells were held together using tape). Figure 3.8 shows the equivalence
between performing a compression test on a single hemispherical shell and a pair of
hemispherical shells.
3.3.2.1 Solid Material Properties
To determine the solid propertes of the shell material, the shells were sectioned at various
locations and lathed into small cylindrical compression specimens. To prevent the
specimen from barreling under the applied compressive load, a generous amount of
lubricant was used during the compression test to ensure low friction contact between the
sample and the loading platens [Lovato, 1992]. From the test data, the Young's modulus,
yield strength, and strain hardening coefficient were measured from the true stress-true
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strain curve (Table 3.1). These values were then used to compare the experimental results
to the -finite element simulations.
3.4 Results
-3.4.1 Finite Element Model
3.4.1.1: Stress-Strain Response
Stress is defined as load, P, divided by the cross sectional area of the sphere, rR2 . The
shells were periodically unloaded and reloaded to obtain the modulus at various amounts of
strain. There are several features that were calculated from each stress-strain curve (Figure
3.9). The elastic modulus of the spherical shell was determined upon initial loading, E s ,
and was measured each time the shel!-was unloaded/loaded to obtain the shell modulus as a
function of total strain, Esh (E)
The values of E s h and ESh (E) were determined for each stress-strain plot using the curve
fitting program MacCurveFit v. 1.5.2 (Kevin Raner Software, Victoria, Australia). A
summary of these measured values is shown in Tables 3.2-3.5. For easier analysis of the
effect of various property changes on the overall response of the shell, numerical equations
were developed to describe the overall stress-strain behavior as a function of all the input
variables. The initial elastic modulus normalized by the solid Young's modulus is
dependent on the shell relative thickness and is represented by:
Es =03 R- (Eqn. 3.16)
The normalized shell elastic modulus as a function of strain depends on the total amount of
compressive strain on the shell, the shell relative thickness, and the strain-hardening
coefficient of the solid material:
ESh 1'7 84
E 0.348(- + () X [ .78 ) + 2.878 x 10-3 x n + 0.81 - 4.288 x lO)J
(Eqn. 3.17)
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Equation 3.17 is valid between 2% and 15% compressive strain for a shell relative
thickness between 0.01 and 0.1. The solution of Eqn. 3.17 is compared against the
original finite element data listed in Tables 3.2-3.5. The numerical fit describes the relative
modulus of the shell as a function of compressive strain reasonably well. The numerical
solution agrees with the finite element simulations within 10% for t/R = 0.1, within 15%
for t/R = 0.0562, between 10% and 30% for t/R = 0.0362, and between 30% and 50% for
t/R = 0.0178. Equation 17 seems to diverge from the finite element solutions; it
overestimates the shell relative modulus as the shell relative thickness decreases.
The non-elastic response of the shell in compression was determined such that the stress is
a function of strain aS h (E) as shown in Figure 3.9. The slope of the plastic regime is
constant with strain or can increase or decrease, depending on the geometric and material
properties. Tis plastic collapse regime is characterized by the following equation (between
2% and 15% strain):
sh ==ax(E)C+ b (Eqn. 3.18)
The combination of coefficients a and c describe the slope of the plastic response and the
coefficient c describes its curvature (c < 1 is concave down; c = 1 is a straight line; c > 1 is
concave up). The coefficient b is the intercept of this curve at zero strain. This equation is
used simply to describe the plastic response of the shell to compressive loading. The
plastic collapse region of each stress-strain curve, between 2% and 15% strain, was fit to
Eqn. 3.18 using MacCurveFit. As done for the shell modulus, numerical equations were
developed to describe the overall stress-strain behavior as a function of all the input
variables. The plastic response of the shell in Eqn. 3.18 (in units of MPa) is dependent on
the shell relative thickness and on the solid material yield strength, strain-hardening
coefficient, and Young's modulus. The coefficients a, b, and c are represented by:
a = -1.426 x 10(rMPa]) + 7.064( [MPa]) -30.42) -6.67 x 10- 31
x expn x 10. + 0.0307( + 3.601 x exp(-5.191 x 10- 3 as[MPa])) + 0.5313
(Eqn. 3.19a)
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b= 547. - 0.092]x n
+ -3.667 x 104-) exp((Uys[MPa]) x {106.5exp(-301.3()) + 0.0254exp(25.88(4)}-
(Eqn. 3.19b)
-1.19 -1
c= 0.1457+6.876x 10-3 xn+ -0.41 + 0.8947 - 3.38 x 10- 3
(Eqn. 3.19c)
These equations are valid for a strain between 0.02 and 0.15, for a shell relative thickness
between 0.0178 and 0.1, for a strain-hardening coefficient between 0.0 and 0.5, for a solid
material yield strength between 50 MPa and 800 MPa, and a solid material Young's
modulus of 100 GPa. Although a sh is dependent on solid material Young's modulus, the
fits for a, b, and c were determined using a single value of Young's modulus because it
would have been too cumbersome otherwise. Adding Young's modulus as a fourth
variable would have tripled the time necessary to develop Eqn. 3.19. The overall value of
a s h decreases less than 10% as E, is decreased to 50 GPa and increases less than 10% as
Es is increased to 400 GPa (Figure 3.10). When c6npared against the stress-strain curves
from the original finite element simulations, this set of numerical equations accurately
reproduces each stress-strain curve within 5% in most cases and within 10% in a few
cases. It is too cumbersome to reproduce the stress-strain curves from all the finite element
simulations, but each curve can be reconstructed from the data listed in Appendix 3B.
The stress-strain behavior in Eqns. 3.18 and 3.19 was not characterized for a shell relative
thickness below 0.0178 because the stress-strain curve deviated from the type of power
law response described by Eqn. 3.18. As the shell relative thickness decreases and the
yield strength and strain hardening coefficient increase, a cusp forms in the stress-strain
curve similar to the one described in the Kinkead analysis [Kinkead et. al.; 1994]. This
cusp is not seen in thicker shells because there is a gradual transition from initial shell
flattening to dimple formation, which is why the Kinkead analysis is not appropriate for the
thicker shells. However, as the shell thickness decreases, this transition becomes more
instantaneous, forming the cusp. Figure 3.11 illustrates the stress-strain curves for a shell
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relative thickness of 0.01 and varying solid yield strength. At a constant shell relative
thickness, the cusp forms as the solid yield strength is increased.
3.4.1.2 Mechanical Behavior of Spherical Shells
Using the numerical equations provided in Eqns. 3.16-3.19, the variation in shell modulus
and strength can easily be calculated for each geometric and material variable. In Figure
3.12, the relative modulus and relative strength are plotted as a function of shell relative
thickness. In each of these graphs, the effect of each variable on the overall mechanical
behavior is clearly illustrated. The relative modulus increases with an increasing amount of
compressive strain on the shell (Figure 3.12a) and exhibits a small dependence on the solid
material strain-hardening coefficient (Figure 3.12b). The relative modulus decreases as the
strain-hardening coefficient increases. The relative strength of the shell increases with the
amount of compressive strain (Figure 3.12c), increases with strain hardening coefficient
(Figure 3.12d), and decreases with solid material yield strength (Figure 3.12e).
The modulus and strength both improve with an increasing amount of compressive strain
on the shell because as the shell is compressed, the plastic hinge travels outward,
increasing the platen contact area. This distributes the applied load over a larger area of the
shell. Variations in the solid material properties n and ay s cause changes in the shell
geometry during loading; this causes the overall mechanical response~of the shell to change
(Figure 3.13).
3.4.2 Experimental
3.4.2.1 Solid Material Properties
Figures 3.14a through 3.14d show the experimentally measured true stress-true strain
curves for the solid material sectioned from each shell. The best fit to Eqn. 3.14has been
overlaid on the experimental curves and the properties are listed in Table 3.1. The material
properties for each type of material were generally consistent except for the carbon steel
shells (Fig. 3.14d). The shell with a relative thickness of 0.067 (CS067) has a lower yield
strength than the other carbon steel shells (also indicated in Table 3.1). The yield strengths
and strain-hardening coefficients measured for each material differ from published values
for each alloy. The yield strengths are higher and the strain-hardening coefficients are
lower because the shells were deformed into a hemispherical shell from a flat sheet. The
shells were tested in their as-received, work-hardened condition.
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3.4.2.2 Compression of Shells
The stress-strain curves for the compression tests on the hemispherical shell are shown in
Figures 3.15 through 3.29. Many of the compression tests were duplicated several times
to ensure the results were repeatable. The stress-strain curves almost perfectly overlay each
other in all but one case, as shown in Figure 3.21. Most likely, geometric inconsistencies
could have caused a deviation in the stress-strain results, although this was not studied.
The solid material properties (Table 3.1) were used in conjunction with Eqns. 3.16-3.19 to
calculate the stress-strain behavior from the numerical equations. This provides a check on
the validity of the numerical equations. The numerically calculated stress-strain behavior is
overlaid on each of the experimental stress-strain curves in Figures 3.15 through 3.29.
The initial loading modulus, the unloading modulus at 15% strain, and the plastic slope is
shown. In all cases, the solutions to the numerical equations agree well with the
experimental results. However, there are some small differences that are due to several
factors. First, the numerical equations were developed assuming a solid Young's modulus
of 100 GPa. As previously discussed, the numerical fits should slightly underestimate the
solution for steel shells (200 GPa modulus) and slightly overestimate the solution for
aluminum shells (70 GPa modulus). Further error can be attributed to variability of the
shell thickness and solid material properties caused by their processing history [Yu et. al..
1984]. As a final test of the validity of using finite element models to simulate
experimental tests, the solid material properties and geometry for one experimental test
were input into the finite element model. The result is shown in Figure 3.30; the finite
element solution correlates with the experimental results exactly.
3.5 Discussion
3.5.1 Contact Area
Both the modulus and yield strength of the shell improve with increasing amounts of
compressive strain. As the shell is compressed by the platen, the load is distributed over a
greater area of the shell; in effect, the shell can provide more support for the applied load in this
deformed state. This same effect would be seen if the load were applied over a larger area
without deformation by applying extra material via a bonding agent at the sphere contacts or by
applying the load via a rigid curved boss. This is illustrated in Figure 3.31 where the contact
area over which the load is applied is the same in all cases. In Figure 3.31a, the shell has been
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pre-compressed so that the platen contacts the sphere over a flat area with radius r. In Figure
3.3 lb, the shell has been bonded/attached to the platen so that the load is applied over an area
with radius r. In Figure 3.3 lc, the shell has dimpled inward and the radius of the contact
circle is r.
As seen in Eqns. 3.8 and 3.16 for a point load, the relative modulus of the sphere is
proportional to the square of the relative thickness of the shell. At the other extreme, if the
contact area were the entire shell, the load would be supported in a ring of material at the shell's
equator, resulting in a modulus that is proportional the relative thickness of the shell. Thi3
general behavior is illustrated in Figure 3.12d (or calculated from Eqns. 3.16 and 3.17) where
the slope of the line changes from 1.78 at 0% strain to 1.22 at 15% strain
The strength of the shell exhibits a much more complicated dependence on shell relative
thickness from Eqns. 3.18 and 3.19. By simple evaluation of the relative strength versus shell
relative thickness presented in Figure 3.12a, the strength of the shell is proportional to
(tR) 1.74 at 2% compression and becomes proportional to (t/R).47 at 15% compression.
Thus, as the contact area is increased, the deformation of the shell begins to transition from a
bending-dominated mode to a stretching-dominated mode. Increasing the load contact area is
beneficial to both the relative modulus and relative strength of the spherical shell.
3.5.2 Open-Cell, Closed-Cell, and Hollow-Sphere Foams
A useful metric of the performance of hollow spherical shells is to compare them to the
theoretical bounds for open- and closed-cell foams. Using geometric relations, the relative
density of a spherical shell can be equated to its relative thickness by:
=~ 3t-)-3(tD) +-R) (Eqn. 3.20)
PS R( . R
If the spheres are packed in a simple cubic arrangement and compressed along the close-packed
direction (Figure 3.32), the foam would have an identical response to a single sphere in
compression. It is reasonable to assume that the stress-strain response of a single sphere in
compression would be similar to a stack of spheres as mentioned earlier and shown in Figure
3.8. The packing fraction of spheres in a simple cubic packing arrangement is /6. Thus, the
relative density of an array of simple cubic packed hollow spheres is
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p* 7 pSh
=-X 6 p
Ps 6 p,
(Eqn. 3.21)
Assuming the spheres are compressed uniaxially with a strain of E, the volume of the packed
spheres will vary as (1- E) that of the uncompressed volume (assuming a shell Poisson's ratio
of zero), increasing the relative density by a factor of 1/(1 - c) after the compressive strain is
applied so that
P* I 7r psh
= -X-X 
p, 1 - E 6 Ps
(Eqn. 3.22)
However, Eqn. 3.22 describes the condition where spheres have large contacts along one
direction and point contacts in the two orthogonal directions. It is desirable to have all the
contacts between the spheres be the same size so that the behavior of the hollow-sphere foam is
identical in the three orthogonal close-packed directions. Therefore, the hollow spheres are
compressed equally along each close-packed direction. The volume of the array of spheres will
now decrease to (1- e)3 of the uncompressed volume. The relative density then varies as:
p 1 Z psh
Ps (1 -) 3 6 pX
The only difference between Eqns. 3.22 and 3.23 is that the spheres are compressed more
closely, and the relative density is higher in Eqn. 23.
The relative modulus of an open-cell foam is given as [Gibson and Ashby, 1997]:
E = P 2
Es Ps )
(Eqn. 3.23)
(Eqn. 3.24)
and for a closed-cell foam below 20% relative density, the equation is given as [Simone and
Gibson, 1998]:
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E 0.2(3 + 0.3 (Eqn. 3.25)
The relative yield strength of an open-cell foam is given as [Gibson, 1997]:
* (*"\ 1.5
'y 0.3(P L (Eqn. 3.26)
Cys L s ;
and for a closed-cell foam below 20% relative density [Simone and Gibson, 1998]:
a-= 0.3 +0.44 j (Eqn. 3.27)
ays
These equations can then be used to compare the performance of hollow spheres to idealized
models of closed- and open-cell foams.
3.5.3 Relative Modulus Comparison
The relative modulus of a hollow spherical shell is dependent on the relative thickness of the
shell, the amount of compressive strain, and the strain-hardening coefficient of the solid
material. Figure 3.33 shows a comparison between open-cell foams, closed-cell foams, and an
ideal hollow-sphere foam constructed from the spherical shells used in this study (generated
from Eqns. 3.16 and 3.17). The strain-hardening coefficient is set to 0.1. The relative
modulus is shown for both 0% strain (with a response similar to open-cell foams) and 15%
compression in both one principle direction and in the three principle directions. Again, the
only difference between these two conditions is the relative density of the sphere array.
Although the performance of hollow spheres with point contacts is no better than open-cell
foams, increasing the contact area has a beneficial effect on the relative Young's modulus: the
relative modulus of spheres that have been compressed 15% approaches the limit for closed-
cell foams. The relative modulus of a hollow-sphere foam can be significantly better than
open-cell foams and approaches that of closed-cell foams.
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3.5.4 Relative Yield Strength Comparison
The relative yield strength of a hollow spherical shell has a complicated dependence on the
relative thickness of the shell, the amount of compressive strain, the ;train-hardening
coefficient of the solid material, and the yield strength of the solid material (Eqns. 3.18 and
3.19). Figure 3.34 shows a comparison between open-cell foams, closed-cell foams, and a
simple cubic hollow-sphere foam with 15% uniaxial and triaxial compression, For the hollow
spheres, the strain-hardening coefficient is set to 0.3 and the solid material yield strength to 50
MPa. The relative strength of hollow spheres with 0% compression is not plotted because it
falls below the performance of open-cell foams. Even with 15% uniaxial compression, the
strength falls below that of open-cell foams with less than 2% relative density. Above 10%
relative density, hollow spheres are potentially as good as closed-cell foams. The relative
strength of a honeycomb that is loaded parallel to its cell faces is shown. For this structure, the
relative strength is directly proportional t o the relative density. Theoretically, this should be an
upper bound on a structure's performance. A possible reason why the relative strength of
hollow spheres appears to exceed that of honeycomb can be attributed to the solid material
properties. The relative strength is calculated as the strength of the spherical shell normalized
by the strength of the solid material. However, when the shell has been compressed, the
material work-hardens, effectively increasing the strength of the solid material. If work-
hardening were taken into account, it would lower the relative strength of the hollow spheres.
Although this concept deserves further investigation, the relative strength of a hollow-sphere
foam does compare well to a closed-cell foam around 10% relative density.
3,5.5 Strengths and Limitations of Analysis
The numerical equations developed in this study provide a relatively simple method of
evaluating the stress-strain response of hollow spheres loaded in compression compared to
previously developed analytical models [Updike, 1972; DeOliveira and Wierzbicki, 1982;
Kinkead et. al., 1994]. The numerical equations also provide a good predictive tool for the
stress strain behavior of hollow spherical shells within the geometric and material bounds
modeled in this paper. The analysis includes the effects of shell geometry, strain-hardening
coefficient, yield strength, and Young's modulus. The predicted response of spherical shells
closely matches the stress-strain response from experimental testing.
One limitation of this study is that the effect of Young's modulus on the plastic slope of the
stress-strain curve is fully characterized at only 100 GPa. Varying the solid material Young's
modulus does not dramatically change the plastic slope. Also, as mentioned in the previous
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section, the analysis in this study assumes that the solid material properties of the shell remain
constant, even after the shells are compressed. In reality, the solid material will undergo work-
hardening, effectively reducing the relative strength of a compressed hollow sphere below that
which would be predicted if the solid material yield strength were used. Along these same
lines, an annealing treatment after sphere compression might change the overall strength of the
sphere.
3.6 Conclusions
Finite element analysis using ABAQUS successfully determined the stress-strain response of
hollow spheres as a function of their relative thickness. This parametric study revealed that the
relative modulus of a sphere improves with increasing the amount of strain and/or by decreasing
the strain-hardening coefficient. The relative strength of a spherical shell improves as it is
compressed. In addition, increasing the strain-hardening coefficient and/or decreasing the yield
strength of the solid material can increase the shell strength. Compression experiments on single
hemispherical shells and hollow spheres were performed. These experiments validated the finite
element model and the numerical equations. A simple cubic hollow-sphere foam has a relative
modulus that approaches that of a closed-cell foam. The relative strength of a simple cubic hollow-
sphere foam is worse than open-cell foams below 2% relative density, but exceeds the strength of
closed-cell foams above 10% relative density. Further study of the mechanical behavior of hollow-
sphere foams is needed, but it appears possible to obtain mechanical performance that surpasses
existing metal foams.
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3.8 Tables
Table 3.1 Summary of vict om sisll elastic modulus measured from compression tests.
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File I.D. Material tR E, (GPa) (MPa) n
AL073a,b 3003 Aluminum 0.073 69 80 0.05
AL069a,b,cd,e,f 3003 Aluminum 0.069 69 80 0.05
AL055a,b 3003 Aluminum 0.055 69 80 0.05
AL044a,b 3003 Aluminum 0.044 69 75 0.05
AIO38a,b 3003 Aluminum 0.038 69 80 0.05
AL029a,b,c 3003 Aluminum 0.0285 69 80 0.05
AL020a,b 3003 Aluminum 0.0195 69 80 0.05
BRO80a,b,c 70:30 Brass 0.080 110 250 0.11
BR044a 70:30 Brass 0.044 110 235 0.11
CS067a,b,c 1010 Carbon Steel 0.067 205 430 0.07
CS040a 1010 Carbon Steel 0.040 205 480 0.07
CS033a 1010 Carbon Steel 0.033 205 480 0.07
CS026a,b 1010 Carbon Steel 0.026 205 480 0.07
SS080a,b,c 304 Stainless Steel 0.080 197 400 0.16
SS035a,b 304 Stainless Steel 0.035 197 400 0.16
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3.9 Figures
P
111
Figure 3.1 Partial spherical shell with midplane radius r, outer radius R, thickness t, and load
P concentrated on asmall circular area of radius ro at pole with any edge support [Young, 1989].
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Figure 3.2 Plot showing the analytical solutions to the compression of a spherical shell for
Updike, De Oliveira, and Kinkead analyses for a mild steel hemisphere with R = 68 mm, t = 4.17
mm, and y s = 277 MPa [Kinkead et. al., 1994].
Rigid Surface
ShellSphere
(a) (b)
Figure 3.3 Testing setup of (a) compression of a single hollow sphere between two platens
and (b) the corresponding model in ABAQUS.
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Axisymmetric ABAQUS model with boundary conditions indicated.
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Figure 3.5 Convergence study on density of SAXI elements [ABAQUS, 1998] in model. (a)
Load-strain plot of the mesh with four different element densities (0.67, 1.67, 3.33, and 6.67
elements per degree) with plots of (b) initial slope vs. element density and (c) yield load vs.
element density with 1% error bars from the highest element density. The dashed horizontal lines
in (b) and (c) indicate ±1% bounds for the asymptotic value.
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Figure 3.6 Distribution of SAX1 axisymmetric shell elements in ABAQUS model. The circles
indicate nodes.
Experimental setup used to compress hollow spherical shells.
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Figure 3.8 Illustration of testing setup for (a) a single hemispherical shell, (b) a pair of
hemispherical shells contacting at the equator and (c) a pair of hemispherical shells contacting at
the pole. The load-displacement (stress-strain) curve is identical for all three cases.
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Figure 3.9 Common features measured on all stress-strain plots. The initial shell modulus,
Es h , shell modulus as a function of strain, Esh (E), and plastic collapse stress as a function of
strain, ash(E), are indicated.
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Figure 3.10 Stress-strain curves for shells with varying solid Young's modulus (t/R = 0.1,
ary = 100 MPa, n = 0.3). Compared to Es = 100 GPa, lowering the Es to 50GPa decreases the
stress strain curve less than 10%. Increasing Es to 400 GPa increases the stress-strain curve less
than 10%.
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Figure 3.11 Stress-strain curves for shells with 1% relative thickness. As the yield strength of
the solid material is increased, the cusp which is described in [Kinkead et. al., 1994] becomes
apparent.
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Figure 3.12 Results from a finite element parametric study on the mechanical behavior of
hollow spherical shells: (a) relative modulus versus shell relative thickness for varying amounts of
compressive strain on the shell; (b) relative modulus versus shell relative thickness for varying
strain-hardening coefficient; (c) relative strength versus shell relative thickness for varying
amounts of compressive strain on the shell; (d) relative strength versus shell relative thickness for
varying strain-hardening coefficient; and (e) relative strength versus shell relative thickness for
varying solid material yield strength. (b), (c), (d), and (e) are shown on following pages.
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Figure 3.13 Illlustration of shape changes in shell with varying solid material properties. The
shell relative thickness is 0.1, the Young's modulus is 100 GPa, the strain-hardening coefficient is
0.3, and the shell has been compressed 15%. The shape of the deformed shell is different for a
solid material yield strength of 50 MPa and 800 MPa. For a given amount of compression, an
increase in the solid material yield strength causes the dimple depth to decrease, the bulge to
increase outward, and the shell to expand radially at the equator.
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Figure 3.14 Stress-strain curves for the shell solid material. The experimental data is in grey
and the optimal fit to Equation 3.15 (to determine the solid material properties) is shown with the
solid black line for (a) 3003 aluminum, (b) 70-30 brass, (c) 304 stainless steel, and (d) 1010
carbon steel.
124
1-
M96
*-a
rn
a,
30)4 Stainles Steel
0 0.02 0.04 0.06 0.08 0.1
Strain
Figure 3.14 (c)
1010 Carbon Steel
0 0.02 0.04 0.06 0.08 0.1
Strain
Figure 3.14 (d)
125
vUU
800
700
600
X 500
400
A 300
200
100
0
/uu
600
500
O 400
-
M 300
r 200
100
0
f% f% fV~~l~UUVIV
14
12
10
cr/
,/
Cn
o
Cri
8
6
4
2
0
0 0.05 0.1 0.15
Strain
Figure 3.15 Stress-strain curie for 3003 Aluminum shelis (t/R = 0.073). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.16 Stress-strain curve for a 3003 Aluminum shell (t/R = 0.069). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.17 Stress-strain curve for a 3003 Aluminum shell (t/R = 0.055). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.18 Stress-strain curve for a 3003 Aluminum shell (t/R = 0.044). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
thy numerical equations (Eqns. 3.16-3.19).
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Figure 3.19 Stress-strain curve for 3003 Aluminum shells (t/R = 0.038). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.20 Stress-strain curve for 3003 Aluminum shells (tt/R = 0.029). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.21 Stress-strain curve for a 3003 Aluminum shell (t/R = 0.020). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.22 Stress-strain curve for 70:30 brass shells (t/R = 0.073). The black lines indicate
the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from the
numerical equations (Eqns. 3.16-3.19).
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Figure 3.23 Stress-strain curve for a 70:30 brass shell (t/R = 0.044). The black lines indicate
the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from the
numerical equations (Eqns. 3.16-3.19).
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Figure 3.24 Stress-strain curve for a 1010 carbon steel shell (t/R = 0.067). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.25 Stress-strain curve for a 1010 carbon steel shell (t/R = 0.040). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.26 Stress-strain curve for a 1010 carbon steel shell (t/R = 0.033). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.27 Stress-strain curve for a 1010 carbon steel shell (t/R = 0.026). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.28 Stress-strain curve for a 304 stainless steel shell (t/R = 0.080). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.29 Stress-strain curve for a 304 stainless steel shell (t/R = 0.035). The black lines
indicate the predicted initial modulus, modulus at 15% strain, and plastic collapse behavior from
the numerical equations (Eqns. 3.16-3.19).
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Figure 3.30 Stress-strain curve for 1010 carbon steel showing that the results from both the
experimental test (grey line) and the finite element simulation (black line) overlay exactly. The
finite element model was programmned with the same shell relative thickness and solid material
properties measured from the experimentally tested hemisphere. The finite element model was also
programmed to unload at 5% strain.
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Figure 3.31 Illustration of how a load can be applied over an area (with radius r) of the
sphere: (a) the sphere is loaded with a rigid, curved fixture of radius r,; (b) the sphere is
compressed and a flat area forms underneath the loading platen with a radius r; (c) the sphere is
compressed, forming a dimple, and the contact circle has a radius r,.
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Figure 3.32 Illustration of the similarity between compression of (a) a single hollow sphere
and compression of (b) a simple cubic packed arrangement of hollow spheres.
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Figure 3.33 Relative modulus versus relative density for an open-cell foam, closed-cell foam
and a simple cubic packed hollow-sphere foam loaded uniaxially in the close-packed direction
under 0% strain and 15% strain. The uniaxial line assumes the spheres have only been
compressed 15% in the loading direction. The triaxial line assumes the shells have been 
compressed 15% in each of the three principle directions.
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Figure 3.34 Relative yield strength versus aspect ratio for an open-cell foam, closed-cell foam,
and simple cubic hollow-sphere foam. The shells have been compressed 15% (uniaxial and
triaxial), have a solid material yield strength of 50 MPa, and a strain-hardening coefficient of 0.5.
The response of a honeycomb has been included as an upper bound. The uniaxial line assumes the
spheres have only been compressed 15% in the loading direction. The triaxial line assumes the
shells have been compressed 15% in each of the the three principle directions.
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3.10 Appendix 3A: ABAQUS input file for compression of a hollow sphere.
*HEADING
compression of hemispherical shell
*NODE, NSET=ENDPOINT
1, 1.0, 0.0
11, 0.707107, 0.707107
41, 0.258819, 0.965926
101, 0.0, 1.0
999, 0.0, 0.0
*NGEN, LINE=C, NSET=SHELL1
1, 11,1,999,0.0,0.0, 0.0
*NGEN, LINE=C, NSET=SHELL2
11,41,1,999,0.0,0.0,0.0
*NGEN, LINE=C, NSET=SHELL3
41,101,1,999,0.0,0.0, 0.0
*NSET, NSET=BOUND1, GENERATE
1,21
*NSET, NSET=END
1
*NSET, NSET=MID
101
*NODE, NSET=PLATE
1000, 1.0,1.0
*ELEMENT,TYPE=SAX1
1, 1, 2
*ELGEN, ELSET=HEMI
1,100,1
*SHELL SECTION, ELSET=HEMI, OFFSET=SNEG, MATERIAL=MAT
0.1
*SURFACE DEFINITION, NAME=ASURF
HEMI, SNEG
*RIGID SURFACE, TYPE=SEGMENTS, NAME=BSURF, REF NODE=1000
START, 1.0,1.0
LINE, -0.10,1.0
*MATERIAL, NAME=MAT
*DENSITY
270.E1
*ELASTIC
100.E9,0.3
*PLASTIC, HARDENING=ISOTROPIC
100.E6, 0.OEO
105.E6, 0.9
*BOUNDARY
END, 2
MID, 1
1000,1,1
1000,2,2
1000,6,6
*CONTACT PAIR, INTERACTION=ROUGH1
ASURF, BSURF
*SURFACE INTERACTION, NAME=ROUGH1
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*FRICTION
0.1
****STEP 1
**
*STEP, INC=2000
*STATIC
0.1,10
*BOUNDARY
END,2, ,0.05
*RESTART, WRITE
*END STEP
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3.11 Appendix 3B: Summary of finite element simulations.
Spherical shells undergoing compression were modeled using ABAQUS. The resulting stress-
strain curves that were generated show the effects of both geometric and material variations. Since
over 130 finite element models were evaluated, it would be too cumbersome to reproduce each
stress-strain curve. Fortunately, based on work that was done to develop the equation fits (Eqns.
3.16-3.19), each stress-strain curve could be fit to an equation of the general form:
aSh (E) = kx (E)m + px ( - exp(q x (e))) (Eqn. 3B.1)
The coefficients k, m, p, and q were determined for each stress-strain curve, up to a strain of 15%,
using MacCurveFit Version 1.5.2. In this equation, k and m describe the slope of the plastic
response, m describes the curvature of the plastic response, and p is the intercept of the plastic
slope. The exponential term with the q coefficient accurately reproduces the initial loading portion
of the stress-strain curve. These 4 coefficients are given in the Table 3B.1 for each finite element
simulation and allow the reconstruction of all the stress-strain curves.
An example is shown in Figure 3B. 1 representing the finite element simulation with the filename
shelln214 (Table 3B.1). The properties of this model are: a shell'relative thickness of 0. 1, a solid
Young's modulus of 100 GPa, a solid yield strength of 50 MPa, and a strain hardening coefficient
of 0.2. Eqn. 3B.1 was fit to the finite element data (crosses); the resulting fit (solid line) is shown
exactly overlaying (high fidelity) the finite element data. Two additional curves are also shown
(dotted lines): the curve representing the first term in Eqn. 3B.1 (including coefficients k and m)
and the curve representing the second term (including coefficients p and q).
Although Eqns. 3B.1 and 3.19 are of the same form, the a, b, and c coefficients from Eqn. 3.19
cannot be compared directly to the k, m, and p coefficients of Eqn. 3B. 1. The coefficients listed in
Table 3B. 1 for each stress-strain curve represent the best possible fit to the finite element
simulations, whereas the coefficients described in Eqn. 3.19 represent a best fit across all
geometric and material variables. Eqns. 3.16-3.19 and Eqn. 3B.1 should be used to generate
stress-strain curves, which can then be compared.
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3.11.1 Appendix 3B Tables
Table 3B.1 List of fitted parameters for the finite element simulations
Filename t/R E, ys n k p m R2
sal 0.1 100 100 0.05 2.38E+1 1.11E+ 0 0.966 -400 0.99921
sa2 0.0562 100 100 0.05 1.64E+1 3.43E-1 1.061 -503.6 0.99835
sa3 0.0316 100 100 0.05 3.71E+0 3.22E-2 0.724 -1363 0.99544
sa4 0.01778 100 100 0.05 1.33E+0 -2.35E-3 0.636 -1100 0.99571
sa5 0.01 100 100 0.05
sbl 0.1 100 100 0.1 3.33E+1 1.17E+0 1.002 -431.2 0.99930
sb2 0.0562 100 100 0.1 1.39E+1 2.80E-1 0.911 -772 0.99950
sb3 0.0316 100 100 0.1 5.18E+0 5.78E-2 0.812 -1098 0.99876
sb4 0.01778 100 100 0.1 1.64E+0 -5.19E-3 0.660 -60 0.99609
sb5 0.01 100 100 0.1
sc 0.1 100 100 0.2 3.79E+1 1. 15E+O 0.884 -412 0.99993
sc2 0.0562 100 100 0.2 1.75E+1 3.02E-1 0.885 -530 0.99971
sc3 0.0316 100 100 0.2 7.80E+0 7.54E-2 0.875 -622 0.99924
sc4 0.01778 100 100 0.2 3.21 E+0 1.24E-2 0.836 -846 0.99840
sc5 0.01 100 100 0.2
sdl 0.1 100 100 0.3 5.46E+1 1.30E+O 0.895 -333.8 0.99997
sd2 0.0562 100 100 0.3 2.47E+1 3.17E-1 0.902 -488.4 0.99986
sd3 0.0316 100 100 0.3 1.24E+1 1.14E-1 0.966 -368.5 0.99955
sd4 0.01778 100 100 0.3 5.86E+0 3.53E-2 0.994 -302.4 0.99913
sd5 0.01 100 100 0.3
sel 0.1 100 100 0.4 8.02E+1 1.49E+O 0.924 -268.8 0.99997
se2 0.0562 100 100 0.4 3.61E+1 3.48E-1 0.943 -442.3 0.99994
se3 0.0316 100 100 0.4 1.87E+1 1.54E-1 1.039 -234 0.99960
se4 0.01778 100 100 0.4 9.17E+0 5.41E-2 1.095 -206 0.99948
se5 0.01 100 100 0.4
sfl 0.1 100 100 0.5 1.20E+2 1.63E+0 0.964 -250 0.99997
sf2 0.0562 100 100 0.5 5.46E+1 3.93E-1 1.001 -395 0.99993
sf3 0.0316 100 100 0.5 2.57E+1 1.42E-1 1.067 -390 0.99948
sf4 0.01778 100 100 0.5 1.43E+1 7.48E-2 1.200 -200 0.99955
sf5 0.01 100 100 0.5
sheln200 0.1 100 200 0.0 3.98E+1 1.90E+0 0.966 -284.2 0.99696
shelln200b 0.1 100 200 0.4 1.20E+2 2.39E+0 0.937 -164.6 0.99996
shelln200c 0.1 100 200 0.15
shelln201 0.1 100 200 0.05 5.1IE+1 1.86E+0O 0.982 -315.8 0.99542
shelln202 0.1 100 200 0.1 6.54E+l 2.38E+0 1.059 -211.3 0.99645
shelln203 0.1 100 200 0.2 6.16E+1 1.82E+0 0.860 -255.2 0.99963
shelln204 0.1 100 200 0.3 8.56E+1 2.06E+0 0.891 -201.1 0.99993
shelln205 0.1 100 200 0.5 1.65E+2 2.59E+0 0.976 -147.5 0.99998
shelln210 0.1 100 50 0.0 7.75E+0 5.12E-1 0.888 -922.4 0.99145
shelln2ll 0.1 100 50 0.05
shelln212 0.1 100 50 0.1 1.75E+1 6.59E-1 0.993 -655.5 0.99630
shelln213 0.1 100 50 0.15
shelln214 0.1 100 50 0.2 2.1OE+1 6.59E-1 0.859 -670.1 0.99911
shelln215 0.1 100 50 0.3 3.30E+1 7.83E-1 0.876 -517.4 0.99956
shelln216 0.1 100 50 0.4 5.33E+1 9.62E-1 0.914 -379.1 0.99979
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Table 3B.1 (continued) List of fitted parameters for the finite element simulations
Filename t/R Es ys n k P m qR2
shelln217 0.1 100 50 0.5 8.87E+1 1.25E+0 0.976 -263.1 0.99989
shelln220 0.1 100 800 0.0 2.19E+2 9.09E+0 1.253 -65.26 0.99984
shelln221 0.1 100 800 0.05
shelln222 0.1 100 800 0.1 3.44E+2 1.02E+1 1.378 -60.32 0.99791
shelln223 0.1 100 800 0.15
shelln224 0.1 100 800 0.2 2.20E+2 7.45E+0 1.039 -60.04 0.99996
shelln225 0.1 100 800 0.3 2.45E+2 2.57E+1 1.006 -61.56 0.99997
shelln226 0.1 100 800 0.4 2.74E+2 5.82E+O 0.986 -59.7 0.99995
shelln227 0.1 100 800 0.5 3.39E+2 6.67E+0 1.045 -55.51 0.99997
shelln240 0.1 100 100 0.0
shelln247 0.1 100 100 0.5 1.09E+2 1.36E+0 0.887 -266.9 0.99998
shelln257 0.1 100 300 0.5 2.00E+2 3.17E+0 0.979 -122.5 0.99996
shelln267 0.1 100 550 0.5 3.78E+2 7.15E+0 1.178 -68.31 0.99993
shelln300 0.0316 100 200 0.0 1.04E+1 1.35E-1 0.920 -371 0.98712
shelln302 0.0316 100 200 0.1 1.07E+1 1.12E-1 0.867 -414:7 0.99920
shelln304 0.0316 100 200 0.2 1.17E+1 7.34E-2 0.824 -483.3 0.99973
shelln305 0.0316 100 200 0.3 1.33E+1 3.07E-2 0.799 -690.1 0.99964
shelln306 0.0316 100 200 0.4 1.88E+1 5.01E-2 0.868 -604.9 0.99972
shelln307 0.0316 100 200 0.5 2.77E+1 8.09E-2 0.955 -503.6 0.99983
shelln310 0.0316 100 50 0.0 2.68E+0 4.50E-2 0.937 -1256 0.99771
shelln312 0.0316 100 50 0.1 2.41E+O 2.52E-2 0.746 -2640 0.99790
shelln314 0.0316 100 50 0.2 4.49E+0 4.48E-2 0.864 -1283 0.99940
shelln315 0.0316 1.00 50 0.3 6.35E+0 4.22E-2 0.869 -1347 0.99953
shelln316 0.0316 100 50 0.4 9.96E+0 4.84E-2 0.921 -1133 0.99970
shelln317 0.0316 100 50 0.5 1.62E+1 5.83E-2 0.989 -921.3 0.99979
shelln322 0.0316 100 8.09E+0 6.33E+1 0.680 -41.6 0.99837
shelln327 0.0316 100 -2.43E+3 -6.43E+2 3.280 0.9672 0.99942
shelln330 0.0316 100 800 0 3.72E+1 4.93E-1 1.000 -59.3 0.99990
shelln337 0.0316 100 800 0.5 4.04E+3 3.79E+4 1.000 0.105 0.99903
shelln340 0.0316 100 100 0.0
shelln347 0.0316 100 100 0.5 2.18E+1 8.02E-2 0.984 -642.1 0.99984
shelln357 0.0316 100 300 0.5 3.49E+0 9.96E-2 0.973 -349 0.99985
shelln400 0.0562 100 200 0.0 1.30E+1 4.65E-1 0.802 -343 0.99970
shelln402 0.0562 100 200 0.1 2.97E+1 5.83E-1 0.989 -308 0.99979
shelln404 0.0562 100 200 0.2 3.40E+1 5.43E-1 0.941 -306.5 0.99995
shelln405 0.0562 100 200 0.3 4.15E+ 1 5.12E- 1 0.927 -295.1 0.99996
shelln406 0.0562 100 200 0.4 5.56E+1 5.51E-1 0.964 -265.6 0.99998
shelln407 0.0562 '100 200 0.5 7.64E+1 6.18E-1 1.017 -235.6 0.99998
shelln410 0.0562 100 50 0.0 1.56E+0 1.O1E-1 0.561 -1470 0.99842
shelln412 0.0562 100 50 0.1 8.26E+0 1.76E-1 0.954 -975.1 0.99936
shelln414 0.0562 100 50 0.2 9.95E+0 1.71E-1 0.869 -992.8 0.99973
shelln415 0.0562 100 50 0.3 1.56E+1 2.04E-1 0.902 -759.6 0.99987
shelln416 0.0562 100 50 0.4 2.63E+1 2.60E-1 0.971 -561.1 0.99994
shelln417 0.0562 100 50 0.5 4.16E+ 1 3.16E- 1 1.023 -435.5 0.99996
shelln430 0.0562 100 800 0.0 7.56E+1 1.95E+0 1.012 -72.15 0.99996
143
Table 3B.1 (continued) List of fitted parameters for the finite element simulations
Filename t/R E s ay s n k m q R2
shelln437 0.0562 100 800 0.5 1.39E+2 7.30E-1 1.000 -112.7 0.99996
shelln440 0.0562 100 100 0.0
shelln447 0.0562 100 100 0.5 5.41E+1 4.21E-1 1.003 -350.1 0.99998
shelln457 0.0562 100 300 0.5 9.45E+1 7.73E-1 1.030 -184.7 0.99998
shelln467 0.0562 100 550 0.5 1.17E+2 7.68E-1 1.000 -143.4 0.99995
shelln500 0.01778 100 200 0.0 5.14E+0 2.71E-2 0.900 -506.2 0.99192
shelln502 0.01778 100 200 0.1 3.82E+0 4.87E-3 0.767 -702.3 0.99801
shelln504 0.01778 100 200 0.2 7.50E+0 7.48E-2 1.008 -141.2 0.99923
shelln505 0.01778 100 200 0.3 8.58E+0 5.83E-2 0.993 -200 0.99926
shelln506 0.01778 100 200 0.4 1.86E+2 5.30E-1 2.428 -31.5 0.99943
shelln507 0.01778 100 200 0.5 1.97E+1 3.40E-1 1.371 -42.7 0.99886
shelln510 0.01778 100 50 0.0 6.34E-1 5.12E-3 0.673 -274.7 0.99393
shelln512 0.01778 100 50 0.1 7.91E-1 -2.41E-2 0.563 -144 0.99783
shelln514 0.01778 100 50 0.2 1.92E+0 1.04E-2 0.843 -1719 0.99865
shelln515 0.01778 100 50 0.3 3.25E+0 1.54E-2 0.930 -1024 0.99907
shelln516 0.01778 100 50 0.4 5.46E+0 2.33E-2 1.021 -556.5 0.99924
shelln517 0.01778 100 50 0.5 1.05E+1 4.79E-2 1.183 -196 0.99923
shelln547 0.01778 100 100 0.5 8.97E+0 2.70E-2 1.000 -410.5 0.99877
shelln557 0.01778 100 300 0.5 9.63E+0 3.10E-1 1.000 -32.25 0.99768
shelln600 0.01 100 200 0.0 1.70E+0 1.24E-3 0.800 -150 0.99425
shelln602 0.01 100 200 0.1 1.27E+0 1.56E-1 1.020 -22.2 0.99784
shelln604 0.01 100 200 0.2 3.10 E+0 1.66E-2 0.974 -203.8 0.99884
shelln605 0.01 100 200 0.3 6.24E+0 4.04E-2 1.219 -137.2 0.99920
shelln606 0.01 100 200 0.4 1.21E+1 6.81E-2 1.468 -102 0.99894
shelln607 0.01 100"J 200 0.5 1.46E+1 7.29E-2 1.509 -90.7 0.99935
shelln610 0.01 100 50 0.0 1.93E-1 -5.67E-3 0.490 -496 0.99117
shelln612 0.01 100 50 0.1 3.25E-1 -6.46E-3 0.575 -283 0.99788
shelln614 0.01 100 50 0.2 6.59E-1 -1.19E-2 0.694 -84.9 0.99823
shelln615 0.01 100 50 0.3 1.68E+0 6.21E-3 0.991 -474 0.99910
shelln616 0.01 100 50 0.4 2.88E+0 9.23E-3 1.094 -340 0.99940
shelln617 0.01 100 50 0.5 6.04E+0 2.19E-2 1.298 -145.9 0.99947
shelln630 0.01 100 800 0.0
shelln637 0.01 100 800 0.5
shelln640 0.01 100 100 0.0 3.34E-1 4.13E-2 0.664 -30.3 0.99312
shelln647 0.01 100 100 0.5 8.43E+0 3.61E-2 1.342 -132.6 0.99948
shelln650 0.01 100 300 0.0 2.56E+0 2.34E-3 0.839 -93 0.99186
shelln657 0.01 100 300 0.5 3.11E+ 1.50E-1 1.870 -58.9 0.99718
tO2eO050 0.0178 50 100 0.3 6.54E+0 6.44E-2 1.135 -100 0.99853
tO2e100 0.0178 100 100 0.3 5.95E+0 4.19E-2 1.006 -200 0.99896
t02e200 0.0178 200 100 0.3 5.63E+0 3.45E-2 0.946 -500 0.99870
t02e400 0.0178 400 100 0.3 5.63E+0 3.80E-2 0.934 -800 0.99837
t1OeO5O 0.1 50 100 0.3 5.50E+1 1.27E+0 0.937 -171.3 0.99998
t1OelOO 0.1 100 100 0.3 5.55E+1 1.34E+0 0.906 -336.9 0.99996
tlOe200 0.1 200 100 0.3 5.47E+1 1.36E+0 0.879 -596.1 0.99993
tlOe400 0.1 400 100 0.3 5.45E+1 1.42E+0 0.870 -810.2 0.99986
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Figure 3B.1 Stress-strain curve from the finite element simulation with filename shelln214. The
fit to Eqn. 3B.1 (solid line) exactly overlays the finite element data (crosses). Two additional
curves (dashed lines) show each term in Eqn. 3B.1 individually.
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4.0 MECHANICAL BEHAVIOR OF SIMPLE
CUBIC HOLLOW-SPHERE FOAMS
4.1 Introduction
Recently, a number of new processes have been developed to manufacture both open- and
closed-cell metallic foams [Ashby et. al., 2000]. Aluminum foams are the most common, but
copper, nickel, steel and titanium foams have also been produced. Open-cell metallic foams
typically achieve mechanical properties close to theoretical predictions. Although the
mechanical properties of closed-cell metallic foams should exceed those of open-cell foams, in
practice, defects, in the form of elliptical cells or curved cell walls, reduce their measured
properties to values similar to those for open-cell foams [Bart-Smith et. al., 1998; Simone and
Gibson, 1998; Andrews et. al., 1999; Gibson, 2000]. Elimination of defects in closed-cell
metallic foams could improve their performance by a factor of ten at low densities. Hollow-
sphere foams provide an alternative microstructure with the potential for improved properties for
low-density metal structures. Hollow spheres can be manufactured from a broad range of
materials and assembled into relatively defect-free, periodic structures. Here, the mechanical
behavior of simple cubic packed hollow-sphere foams is determined and compared to the
properties of open- and closed-cell foams.
4.1.1 Hollow Sphere Bonding Techniques
Individual hollow spheres can be bonded together to form a hollow-sphere foam in a number
of ways. The interstitial spaces in a three-dimensional array of hollow spheres can be
infiltrated with a bonding material such as epoxy or a low melting temperature metal; such
materials are commonly referred to as syntactic foams (Figure 4.1a). Examples of such
materials include hollow metal spheres bonded with epoxy [Bonino et. al., 1990] and hollow
alumina spheres in an aluminum [Rawal et. al., 1993; Rickles et. al., 1989] or magnesium
[Hartmann et. al., 1998; Hartmann, 1999] matrix. The mechanical behavior of syntactic
foams has been described by [Hartmann et. al., 1998] and [Luxmoore, 1982]. The interstitial
volume between the spheres accounts for a substantial fraction of the total volume (26% for a
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close-packed arrangement of spheres) so that this technique cannot be used to produce low
relative density materials. In addition, the use of a polymer or low melting temperature metal
to fill the voids detracts from some of a metal foam's potential benefits, such as high specific
strength or high temperature properties.
Hollow-sphere foams can also be made by applying heat and pressure to an assembly of
metal or ceramic precursor hollow spheres. The combined heat and pressure flattens the
contacts between the spheres, which then become diffusion bonded. In most cases, the
contacts are not perfectly flat; rather, they form curved cell walls that are difficult to model
(Figure 4.lb). Metallic foams of this type have been produced using hollow spheres created
from gas atomized metallic powders [Sypeck et. al., 1998] and metal powder slurries [Hurysz
et. al., 1998]. Current manufacturing techniques have yet to produce good quality foams
with uniform cell size and wall thickness.
A third method for manufacturing hollow-sphere foams is to bond hollow spheres using a
liquid phase that forms a bonded neck region between spheres (Figure 4.1c). This can be
accomplished by two methods. In one technique, the hollow spheres are coated with a metal
powder slurry and assembled into a structure while the slurry is still in liquid form. The
liquid forms the neck regions at contact points; on drying, the entire structure is sintered in a
furnace. In the second technique, the hollow spheres are coated with a material, such as a
solder or braze, that melts at a lower temperature than the sphere material. These
individually coated spheres are then assembled and heated above the melting temperature of
the coating, causing the liquid metal to flow into the contact regions and form necks.
Hollow-sphere foams have been manufactured via this third method to form bronze, nickel,
steel and titanium foams [Bonino et. al., 1990; Hurysz et. al., 1998]. The microstructure of
hollow-sphere foams manufactured by this third method is modeled because it presents the
simplest geometry to analyze.
4.1.2 Relative Density of Bonded Hollow Spheres
The geometry of two hollow spheres bonded by a neck is shown in Figure 4.2. Each hollow
sphere has an outer radius R and a wall thickness t. The radius of the neck is given by rb; the
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angle subtended by the neck is 2 0. The radius of the neck, normalized by the outer sphere
radius, is related to the bond angle by:
rb = tan +cosO -1 (Eqn. 4.1)
R cos(
For this initial study, spheres are packed in a simple cubic arrangement. The total relative
density of the hollow sphere aggregate can be thought of as having contributions from both
the spheres and the bond material. In the following equations, the densities of the bond
material and the sphere wall material are assumed to be identical. The contribution to the
relative density from the hollow spheres (excluding the bonding material) is:
( -spheres PFx[3i2 +R (Eqn. 4.2)
where PF is the packing factor of the assembly of hollow spheres; PF = zr/6 for a simple
cubic packing.
The volume of the bond material between two spheres depends on the bond angle 0 and the
sphere radius R as described in Appendix 4A. The relationship can be represented by:
Vbd = [1.68 x 10-6(0) - 2.072 x10-5(0)2 + 1.055 x 10(0) -9.77 x 10] x 2R3 (Eqn. 4.3a)
for 10° < 0(deg) < 40° with a correlation coefficient of 1.0. A simpler approximation, with a
correlation coefficient of 0.9995, is given by:
VbO, = 2.74 x 10-7(0)3 '41 x 2R3 (Eqn. 4.3b)
for 10° < 0(deg) < 40°. This equation begins to deviate from the numerical solution below a
bond angle of 20 degrees.
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The contribution of the material in the bond to the overall relative density of foam is then:
= CNx Vbod (Eqn. 4.4)
bonds 2 Vunit cell
where CN is the coordination number of the sphere packing and Vu,,it cell is the unit cell
volume. Considering only the contribution from the material in the bond for a simple cubic
packing, bonds with an angle of 15° occupy only 0.2% of the total volume of the foam while
a bond angle of 40 ° occupies 6% of the total volume. Combining the contributions from the
material in the hollow spheres and that in the bond between spheres, the relative density of an
assembly of bonded hollow spheres is:
* ( f1CN Vb0nd= p + =PF x + + 2 (Eqn. 4.5a)
[9s (ttspheres (P5)bonds
For a simple cubic packed structure, PF = 7r/6, CN = 6, and Vuni, cell = 8R3 . If the spheres
and bonds are composed of different materials with different solid densities, the equation
above would be unchanged except that the relative densities are replaced with volume
fractions:
Vf,tot = Vf,spheres + Vfbonds
t Yt It ( CN Vuncll (Eqn. 4.5b)=PFx - + + -X bond
R ~ R kR/J 2 Vxfl)
4.2 Finite Element Models
4.2.1 Model Geometry
Finite element models of the simple cubic hollow sphere packing were created using
ABAQUS/CAE v.5.8-18 (Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI). The models
were designed to evaluate the effect of the shell relative thickness and the bond size on the
mechanical response. A parametric study was conducted using models created with every
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combination of four values of relative shell thickness (t/R = 0.02, 0.054, 0.1013, 0.20) and
four values of the bond angle (0 = 100, 20°, 300, 40°), giving a range of relative densities
from 0.02 to 0.3. Values of tIR = 0.054 and 0.1013 were chosen to correspond to
commercially available hollow metal spheres. The symmetry of the simple cubic packing
arrangement allows a one-eighth unit cell to be modeled in the primary orientation, reducing
the computation time. Each model was constrained by applying periodic boundary
conditions to the partial unit cell so that results would be representative of bulk values.
Hexahedral elements normally yield the best results for the minimum computational cost;
however, due to the geometric complexity of the model, an automatic tetrahedral mesh
generation algorithm was used. The modified, second-order tetrahedral element C3D1OM
provides good results if the mesh has sufficient refinement. A convergence study indicated
that a mesh with an element length of 7% of the sphere radius was sufficient for the results to
converge within 1% for most models except those with a shell relative thickness of t/R =
0.02. For those shells a mesh with an element length of 5% of that of the sphere radius was
sufficient for convergence to 1%. A fully meshed model for hollow spheres with a relative
thickness of 0.05 and a bond angle of 40 degrees is shown in Figure 4.3. The smallest model
had 3759 nodes and 1672 elements, whereas the largest model contained 14,838 nodes and
8384 elements.
4.2.2 Material Definition
For most of the models, the material was defined to be elastic-perfectly-plastic. A parametric
study of the effect of the solid material properties on the behavior of the hollow-sphere foam
was also performed. The Young's modulus was varied between 100 GPa and 800 GPa, and
the yield strength was varied between 50 MPa and 800 MPa. Preliminary work indicated that
varying the Poisson's ratio had a negligible effect on the overall response; Poisson's ratio was
set to 0.3.
Analysis was also done on a limited basis for a strain-hardening material behavior defined as
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E < E
where Eo = rY (Eqn. 4.6)
where a and are true stress and true strain, and the strain-hardening coefficient n was
varied from 0.05 to 0.5. This material behavior was applied to five models with varying shell
thickness and bond size (t/R = 0.02, 0 = 20°; tIR = 0.054, 0 = 30°; tIR = 0.1013, 0 = 30°; tlR
= 0.1013, 0 = 40° tR = 0.20, 0 = 40°).
4.2.3 Characterization of Elastic Anisotropy
Materials with cubic symmetry have three independent elastic constants [Nye, 1957]. For the
primary orientation, with the axis set aligned with the axes of cubic symmetry (Figure 4.4a
1,2,3-axis set), the three can be taken as the Young's modulus, El, the Poisson's ratio,
v2 = -E 22 /ql for uniaxial loading in the 1-direction, and the shear modulus, G12. Application
of a normal displacement in the 1-direction allowed the reaction force in the 1-direction and
the displacement in the 2-direction to be calculated, giving the'first two elastic constants.
The shear modulus was obtained by creating a second set of finite element models with the
faces of the unit cube rotated relative to the positions of the spheres by 450 about the 3-axis
(Figure 4.4b). A finite element model of one-eighth of the unit cell was used. By applying
equal and opposite displacements, the 1',2',3'-models were loaded in tension in the 1'-
direction and compression in the 2'-direction to produce an equivalent pure shear. The
results fro6nmequal biaxia!:ension/compression on the rotated unit cell are then transformed to
obtain the shear modulus in the 1,2,3-axis system. A third set of finite element models was
created with the faces of the unit cube rotated relative to the positions of the spheres such that
the "-axis is now oriented in the [111] direction relative to the spheres (Figure 4.4c). The
unit cell in this orientation is a hexagonal prism; a finite element model of one-half of the
unit cell was used. Uniaxial loading displacements were applied in the 1-, the 1'- and the 1"-
directions on the three orientations of the unit cube. The corresponding Young's moduli were
then compared with those found from transformation of the three elastic compliances, S11,
S12 and S44 found for the first model (oriented with faces normal to the 1-, 2-, and 3-
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(T =
directions). This provided a check on the elastic anisotropy calculations. Only one
combination of normalized shell thickness and bond angle was used for these calculations
(/R = 0. 1, = 300).
4.2.4 Characterization of the Yield Surface
Yield envelopes for biaxial and triaxial loading were calculated for a single model (t/R =
0.05, 0 = 40 °, oriented in the 1,2,3-axis set) using forty-four loading paths. From this
detailed calculation, it was determined that only seven stress states on the yield envelope
needed to be analyzed to characterize the yield surface in the 1,2,3-orientation. These stress
states are: uniaxial tension, uniaxial compression, biaxial tension, biaxial compression,
biaxial tension/compression (tension along 1-direction, compression along 2-direction),
hydrostatic tension, and hydrostatic compression. These seven loading conditions were
applied to all sixteen unit cell models in the 1,2,3-axis set. The shear strength in the 1-2
plane was obtained by applying biaxial tension/compression to the 1',2',3'-unit cells (tension
along l'-direction, compression along 2'-direction). In addition, the rotated unit cells (1',2',3'
and 1",2",3") were used to determine the yield strengths in te 1'- and l"-directions. In all,
over 200 finite element models were analyzed to include all the necessary variations.
4.3 Results
For each loading case and for each of the hollow sphere geometries modeled, load-displacement
data was used to generate a stress-strain curve (Figure 4.5). The stress-strain curves for uniaxial
loading and pure shear exhibit a linear-elastic regime, a rounded shoulder at the onset of yield,
and a varying strain-hardening response (depending on geometry and solid material properties).
The moduli were calculated from the slope of the initial linear portion of the stress-strain curve
and the strengths were calculated from the stress corresponding to 0.2% plastic strain. Appendix
4B discusses the effect on overall mechanical response when the hollow sphere and the bond are
composed of different materials. Appendix 4C provides a listing of all the measured elastic
properties and yield strengths for each modeled geometry.
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4.3.1 Anisotropic Elasticity
The three independent elastic constants, describing the linear elasticity of the simple cubic
packing of spheres, can be expressed in terms of the engineering elastic constants,
normalized with respect to the Young's modulus of the solid shell material:
E; I SI2 G 1
,v2 = -- and -E2= (Eqn. 4.7)
E, SIE, sI, E, S44E,
The relative Young's modulus increases with increasing bond size and shell relative thickness
(Figure 4.6a); the relative shear modulus behaves in a similar manner. The relative Young's
modulus depends on the relative density in a more complex way, due to the dependence of
relative density on both relative thickness of the spheres and bond size. At low relative
densities and large bond size, a relatively large fraction of the mass is ineffective, reducing
the modulus dramatically (Figure 4.6b). For optimized sphere geometries, in which the
values of t/R and 0 are chosen to maximize the Young's modulus, the modulus varies
roughly linearly with relative density, similar to the ideal response for a closed-cell foam.
The relative Young's modulus does not vary with E,. The Poisson's ratio shows little
dependence on the shell relative thickness but increases with bond size (data not shown).
The three compliances, SI , S12 and S44, for loading in the 1,2,3-axis set were fit to
equations in terms of t/R and 0 (in degrees) using MacCurveFit v. 1.5.2 (Kevin Raner
Software, Victoria, Australia).
1.4X 102(8)-1.391
S,, [3.85 x 103(0)2 - 0.294(0) + 8.33
,= 4.5- 0.92
S =-0.858+ 1.32x o-8 (0'5R
S,4 = [4.57 x 10-3(0) 2 -0.348(0)+ 10.8 -
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The equations describe the finite element results for 0.02 < tR < 0.2 and 10° < 0 < 40 to
within 10% in all cases, and within 5% in most cases.
Standard transformations can be used to determine the compliance tensor in any other
coordinate axis set. The Young's modulus in the 1'- and 1"-directions obtained by
transforming the compliance tensor agree exactly with the Young's modulus calculated from
the rotated finite element models loaded in the 1'- and "-directions. For a bond angle of 30°
and relative thickness of 0.1, the relative Young's modulus was computed in the -, 1'-, and
1"-directions as 0.0355, 0.05, 0.057, respectively. The relative Young's modulus is 40%
greater in the 1'-direction when compared to the 1-direction and is 60% greater in the 1"-
direction when compared to the 1-direction. A simple method to visualize the Young's
modulus in any direction is to use the elastic representation surface [Nye, 1957], which can
be calculated from the above relations: it has the general shape of a cube with dimpled faces
and rounded corners.
4.3.2 Yield Surface
The relative uniaxial tensile yield strength for loading in the 1-direction increases with both
increasing shell relative thickness and bond size (Figure 4.7a). The finite element results are
well described (to within 5%) by the equation:
all = [0.0'18(0) +0 .015 ) (Eqn. 4.9)
ys
The relative uniaxial tensile strength is plotted against relative density in Figure 4.7b; as with
the Young's modulus, the strength decreases rapidly at low relative densities and large bond
size. For optimized geometries in which the values of t/R and 0 are selected to maximize the
strength, the strength varies roughly linearly with relative density, similar to the response of
an ideal closed-cell foam. The relative shear strength in the 1-2 plane is:
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12 [-1.88 x 10 +1.43 x 10-2()2 -2 0.298(0) +0.856( ' 2
((Eqn. 4.10)
+ [-3.72 x O-5(0) + 2.99 x 10-3(0)2 -5.96 x 102(0) + 0.585 n
The relative strengths given in Figure 4.7 were calculated using a solid material yield
strength of 100 MPa. As the solid material yield strength increases, the relative yield
strength of the hollow-sphere foam decreases; for instance, using ays = 800 MPa decreased
the relative yield strength of the hollow-sphere foam by approximately 10 percent. This
effect is a result of geometrical changes associated with increased elastic deformation of the
hollow sphere structure prior to yield as oy increases. This effect also causes the yield
strength to exhibit asymmetric behavior in tension and compression. The asymmetry
increases with decreasing shell relative thickness and is fairly insensitive to bond size. The
ratio of the uniaxial yield strength in compression to the uniaxial yield strength in tension is
shown in Table 4. 1. At a shell relative thickness of t/R = 0.02, the compressive strength is
10% to 15% lower than the tensile strength. This behavior is due to slight changes in
geometry when the structure begins to yield.
The value of the strain-hardening coefficient of the solid material has little effect on the
overall yield strength of the hollow sphere structure. Increasing the strain-hardening
coefficient from zero (elastic-perfectly plastic) to 0.5 changed the relative yield strength less
than 5%. However, increasing the strain-hardening coefficient of the solid material would
increase the strain-hardening response in the foam, but this was not characterized in this
study.
For a bond angle of 30 degrees, a relative thickness of 0. 1, and a solid material yield strength
of 100 MPa, the relative uniaxial yield strength in compression was calculated as 0.052,
0.049, and 0.061 in the 1-, 1'-, and l"-directions, respectively. The relative yield strength is
7% lower in the l'-direction and is 17% higher in the l"-direction, compared to the 1-
direction. The relative uniaxial yield strength exhibits considerably less anisotropy than the
elastic properties.
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Detailed biaxial and triaxial yield surfaces were calculated for over forty stress states for one
model oriented in the 1,2,3-axis set (t/R = 0.05, 0 = 40°). The overall shape of the yield
surfaces can be described by a small number of critical stress states: uniaxial, equal biaxial,
equal and opposite biaxial, and hydrostatic tension and compression. Selected biaxial and
triaxial yield surfaces are shown in Figures 4.8 and 4.9. As noted previously, elastic
deformations prior to yield produce geometric changes leading to differing compressive and
tensile strengths. In the yield surface, the asymmetric behavior gives rise to a triaxial yield
surface that is asymmetric about the hydrostatic stress axis. The yield envelope is graphed in
Figure 4.10 on axes of equivalent stress versus mean stress, varying both the bond angle and
shell relative thickness. The asymmetric response to loading conditions is clearly visible.
The solid and dotted lines indicate the difference in effective versus mean stress behavior
when loaded under a 02 > (l = a 3 ) stress state (solid line) and a ar2 < (al = a 3 ) stress state
(dashed line).
4.4 Discussion
4.4.1 Optimization of Sphere Bonding
As indicated in Figures 4.6b and 4.7b, there is an optimum bond size to obtain the maximum
relative Young's modulus or relative strength for a given relative density. For example, in
Figure 4.6b, at a total relative density of 0.08, a structure with a bond angle of 40 ° and a shell
relative thickness of 0.01 results in a relative modulus of 0.008, whereas a structure with a
bond angle of 30° and a shell relative thickness of 0.05 results in a relative modulus of 0.02.
If a hollow sphere is used with a small shell relative thickness, then too much material in the
bond will increase the overall relative density without dramatically improving the structural
support. Conversely, with thick-walled hollow spheres, if too little material is used in the
bond, the structural support will not be maximized.
Using the numerical equations for the compliance constants, it is possible to solve for the
optimum bond size for a given shell relative thickness to maximize the relative Young's and
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shear moduli. This same procedure was also used to determine the optimum bond angle for
relative yield strength and relative shear strength using the appropriate equations (Figure
4.11). Conveniently, the optimum bonding size versus shell relative thickness is nearly
identical for all the mechanical properties, allowing all the parameters to be optirmized
simultaneously. If the bond size is within + 5 of the optimum bonding condition, the
mechanical behavior will remain within 10% of its optimum performance in all cases.
However, if the bond size deviates by + 10°, the mechanical behavior could deteriorate as
much as 60%.
4.4.2 Comparison to Open- and Closed-Cell Foams
The Young's modulus, uniaxial tensile strength, shear modulus, and shear strength for the
models with the optimum bonding neck size are plotted versus relative density and compared
to the models for open- and closed-cell foams (Figures 4.12-4.15). The moduli and strength
of an open-cell foam are given by [Gibson and Ashby, 1997]. The Young's modulus and
compressive strength of a closed-cell foam are given by [Simone and Gibson, 1998]. The
shear strength is calculated using the yield criterion of [Deshpande and Fleck, 2000]. The
equations describing the behavior of all three materials are given in Table 4.2. In Table 4.2,
the equations for the hollow-sphere foam assume that the bonding angle has been optimized
for shell relative thickness; as noted previously, all mechanical properties can be optimized
simultaneously. The Poisson's ratio for open- and closed-cell foams is approximately 0.32.
For a hollow-sphere foam with a bond angle that that has been optimized for Young's
modulus and uniaxial strength, the Poisson's ratio, V12, varies between 0.05 and 0.25 as the
relative density increases from 0.01 to 0.2.
The results of the analysis indicate that the theoretical properties of hollow-sphere foams
with the neck geometry analyzed lie between those of open- and closed-cell foams.
Although the moduli and strength of closed-cell foams theoretically exceed those of open-
cell foams, in practice, defects reduce the measured properties of closed-cell metallic foams
to values similar to those for open-cell foams. Metallic hollow-sphere foams offer an
alternative microstructure giving potentially superior mechanical performance to existing
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closed-cell metallic foams. For instance, at a relative density of 10%, typical of metallic
foams, the relative Young's modulus of a hollow-sphere foam is 2.8 times that of existing
metallic foams; the relative compressive strength is three times that of existing metallic
foams.
A simple comparison with experimental data for metallic foams is shown in the yield
envelopes in Figure 4.16. The yield envelope, plotted as equivalent stress versus mean stress,
is shown for Alporas metal foam [Deshpande and Fleck, 2000; Gioux et. al., 2000] and for an
optimized hollow-sphere foam. The yield envelopes for Alporas metal foam were
determined from a best fit to experimental data. The yield envelope for the hollow-sphere
foam was calculated based on the results in this study and using a solid material yield
strength of 160 MPa-the same solid yield strength as the Alporas foam [Gibson, 2000].
Based on the yield envelopes in Figure 4.16, the strength of a hollow-sphere foam is roughly
twice as good as Alporas metal foam at the same relative density. In addition, from
observation of the shape of the yield envelopes in Figure 4.16, the Miller yield criterion,
which is based on the Drucker-Prager criterion, would be a good model to describe the
behavior of a simple cubic hollow-sphere foam.
4.4.3 Strengths and Limitations of the Analysis
The analysis of hollow-sphere foams was limited to the elastic and initial yield behavior.
The anisotropic elasticity was completely characterized. The initial yield behavior was
characterized for uniaxial, biaxial and axisymmetric triaxial stress states in which the stress
tensor axes are aligned with the 1,2,3-axis set. The relative yield strength is not highly
anisotropic, so the yield surface plotted on axes of equivalent stress-mean stress gives a good
description of the yield for any stress state. The post-yield behavior, of particular interest in
calculating the energy absorption capacity of the material, was not analyzed in this study.
For a hollow-sphere foam, the stress during plastic collapse is not constant [Hurysz et. al.,
1998]: the hardening response depends on the yield strength and the hardening behavior of
the solid, as well as on the relative thickness of the spheres as shown in Chapter 3. The
analysis assumes perfect packing of the spheres and does not account for defects that may
occur during manufacture. Variations in either the shell relative thickness or the bond size
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could be accounted for using an upper/lower bound analyses [Jones, 1975]; variations in
sphere size are more difficult to take into consideration.
4.5 Conclusions
Hollow-sphere foams offer the potential for improved mechanical behavior over existing open-
and closed-cell metallic foams. For instance, at relative densities of 10%, hollow-sphere foams
have moduli and strength (in the 1-direction) that are two to three times those of existing metallic
foams. The relative elastic modulus shows large anisotropy, with the Young's modulus in the 1"-
direction 1.61 times that in the 1-direction. The uniaxial yield strength shows less anisotropy,
but the tensile and compressive strengths differ due to differences in the deformed geometry
prior to yield. There is an optimum bonding angle to maximize the mechanical properties for a
given shell relative thickness, t/R; the optimum bonding angle is the same for Young's modulus,
shear modulus, uniaxial strength- and shear strength. Finally, the yield envelope for an 8% dense
optimized hollow-sphere foam is roughly double that of the yield envelope of Alporas foam at
the same density.
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4.7 Tables
Table 4.1 Ratio of uniaxial compressive strength to uniaxial tensile strength in the -direction.
Table 4.2 Comparison of properties of hollow-sphere foams with those of open-cell and closed-
cell foams
Property Open-Cell Closed-Cell Hollow-Sphere
Foams Foams Foams
E*E, (9P*N2 2 1.36L m0P 0.3( ) +0.3 (J 0.65 )
*'E, /,· \2' * oI~i +2 0 * 1.28
0.325P-I +01 0.2(iJ PCT;, .*0 .3(P1 +)O.-C 0. 6(P)1.36
ays t Po) PPs ' P"
y P 0 ai 2) + 0 .3_o( P | 050 1.36
Note: For the hollow-sphere foam, the properties are for the model in the 1,2,3-axis set.
Note: For the hollow-sphere foam, the properties are for the model in the 1,2,3-axis set.
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t/R 0 = 10° 0 = 20c 0 = 30 ° 0 = 40°
0.0200 0.86 0.87 0.89 0.91
0.0540 0.96 0.96 0.96 0.96
0.1013 0.99 0.99 0.99 0.99
0.2000 1.02 1.00 1.00 1.01
4.8 Figures
(a) (b) (c)
Figure 4.1 The three main types of hollow-sphere foams (a) syntactic foam (b) hollow-sphere
foam with flattened and curved contact regions and (c) hollow-sphere foam with a neck formed
at the sphere contacts via a liquid-based process [Hurysz et. al., 1998; Sypeck et. al., 1998].
spherical shell
of shell
t K
Figure 4.2 The geometry of two bonded hollow spheres with a neck region.
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%
2L3
Figure 4.3 A finite element mesh c
shell relative thickness, t/R, of 0.05.
31
)f one-eighth of the unit cell for a bond angle of 400 and a
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2"1/
[111,/3"
1 (a)
Figure 4.4 The primary orientations of the unit cell with respect to the spheres. (a) Unit cell
(cubic) is orthogonal to the 1,2,3-axis set and the primary crystallographic directions ([100],
[110], and [111]) are indicated. The -1',2',3'- and 1", 2",3"-axis sets are shown as reference. (b)
Unit cell (tetragonal) is orthogonal to the 1',2',3'-axis set. (c) Unit cell (hexagonal) is orthogonal-
to the 1",2",3"-axis set. (b) and (c) shown on facing page.
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Figure 4.5 Typical stress-strain curve under compressive loading for a model with t/R = 0.1, 0
= 30, Es = 200 GPa, and ay s = 100 MPa.
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Figure 4.6 (a) The relative Young's modulus for loading in the -direction plotted against shell
relative thickness for various bond angles. (b) The relative Young's modulus for loading in the
1-direction plotted against total relative density (spheres and bond material) for various bond
angles.
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Figure 4.7 (a) The relative uniaxial tensile strength in the l-direction plotted against shell
relative thickness for various bond angles. (b) The relative uniaxial tensile strength in the 1-
direction plotted against relative density for various bond angles.
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Figure 4.8 Biaxial yield surface for (a) constant shell relative thickness, t/R = 0.02 and
varying bond angle and (b) constant bond angle of 0 = 30° and varying shell relative thickness.
The solid lines correspond to a stress state of Oa2 > Cal and dashed lines correspond to a stress
state of a2 < a I.
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Figure 4.9 Triaxial yield surface for (a) constant shell relative thickness, tR = 0.02 and
varying bond angle and (b) constant bond angle of 0 = 30° and varying shell relative thickness.
The solid lines correspond to a stress state of 2 > (al = (3) and the dashed lines correspond to
a stress state of a2 < (1 = -3)
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Figure 4.10 Yield envelope plotted on axes of effective stress and mean stress for (a) constant
shell relative thickness, t/R = 0.02 and varying bond angle and (b) constant bond angle of 0 =
300 and varying shell relative-thickness. The yield envelope varies with the stress state because
the triaxial yield surface is not symmetrical about the hydrostatic stress axis. In this figure,
a = a, the solid lines correspond to a stress state of 02 > ( = a 3 ), and the dashed lines
correspond to a stress state of 2 < (al = C3).
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Figure 4.11 Optimum bond angle plotted as a function of the shell relative thickness. The
optimum bond angle is the same for the Young's modulus, the shear modulus, the uniaxial tensile
strength and the shear strength.
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Figure 4.12 Relative Young's modulus plotted against relative density for open-cell foam,
closed-cell foam and simple cubic packed hollow-sphere foam for loading in the 1-direction.
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Figure 4.13 Relative shear modulus plotted against relative density for open-cell foam, closed-
cell foam and simple cubic packed hollow-sphere foam for loading in the 1,2-plane.
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Figure 4.14 Relative uniaxial tensile strength plotted against relative density for open-cell
foam, closed-cell foam and simple cubic packed hollow-sphere foam for loading in the 1-
direction.
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Figure 4.15 Relative shear strength plotted against relative density for open-cell foam, closed-
cell foam and simple cubic packed hollow-sphere foam for loading in the 1,2-plane (Figure 4.4).
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Figure 4.16 Yield envelopes for Alporas closed-cell metallic foam and an optimal hollow-
sphere foam. Both foams have a relative density of 8% (t/R = 0.04 and 0 = 31° for an optimal
hollow-sphere foam). The envelopes for the Alporas foam were determined from experimental
data in [Deshpand and Fleck, 2000] and the curve for the hollow-sphere foam was calculated
from the results in this paper. A solid material yield strength of 160 MPa was used to calculate
the yield envelope of the hollow-sphere foam to match the solid material yield strength of the
Alporas foam [Gibson, 2000].
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4.9 Appendix 4A: Calculation of bond volume.
It is a fairly straightforward calculation to determine the volume that a hollow sphere occupies
either individually of packed with other spheres. However, it is more difficult to determine the
volume of the bond between spheres. The bond geometry is indicated in Figure 4A. 1. The outer
radius of the shell is denoted by R, the bond angle is 0, and the radius of the bond rb can be
calculated from geometrical relations a, b, and c shown below:
a = R(1- cos0)
b cos -
c = Rtan 
so that
1
rb =C b=Rtan - +
cos 0
Thus, the bond size can be described either in terms
and these are related by the following equation
= tan 0 +cos- 
R cos0
(Eqn. 4A.1)
(Eqn. 4A.2)
of bond angle 0 or relative bond size rb/R
(Eqn. 4A.3)
The bond volume can be calculated using the geometric details shown in Figure 4A.2. Using a
cylindrical coordinate system, the z-direction follows the axis of symmetry and the radial
direction is denoted by r. The volume of material in an element dz of the bond is an annulus
with inner radius i.; (line DE) and outer radius ro, (line DF) at a distance of z from the plane of
reflection. The total bond volume can be found according to
Vbona = Jz= 2(7r z -)d (Eqn. 4A.4)
where z = 0 at the plane of reflection and z = a at point F. The factor of two is included in
Equation 4A.4 because Figure 4A.2 only shows a half bond below the plane of reflection AC.
When z = 0, r, =0 and ,r,, =r, (line AB)and when z = a, r, = r,. = Rsin0.
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For a given bond angle 0 (AOG; also the arc which subtends AG) and shell outer radius R, the
inner and outer radius can be solved using the relations
(Eqn. 4A.5a)ri,z = R2-(R- z)2
1r0= c -b 2 _Rtan6- 4[(I 11 2'o' =C -- z b Rtan Q- C ose 3 - 2 (Eqn. 4A.5b)
Thus, the volume of the bond is then
z=a 1 2
Vbon= Jz=O 2 RtanO- [ -) z2 2(dR 2 -(R-z) 2 ) 2jd
cos 0
Unfortunately, this integral is difficult to evaluate due to the presence of z in the
term. Rather, the bond volume can be evaluated numerically as follows:
1~ - 2
Vbond = Rta - -Z =s - C os 
z .a 2 1jRtan 6 1 ~ O J Az
(Eqn. 4A.6)
square root
(Eqn. 4A.7)
Using Microsoft Excel 98 to evaluate this expression, a relation between bond volume and bond
angle is obtained in Table 4A. 1. It should be noted that the bond volume calculated in Table
4A. I is using a radius R of unity and the volume scales with R3. This data was then numerically
fit to a cubic equation using MacCurveFit v. 1.5.2 as shown below
VbOnd = [1.68 x 106(0) - 2.072 x 105(0)2 + 1.055 x 104(0)- 9.77 x 10- 6 ] x 2R3 (Eqn. 4A.8)
with a correlation coefficient of 1.0. The same data in Table A4. 1 can also be fit to a simpler
(but less accurate) equation given by:
V/,, = 2.74 x 10-7(0)3 4 1 x 2(R)3 (Eqn. 4A.9)
with a correlation coefficient of 0.9995.
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4.9.1 Appendix 4A Tables
Table 4A.1 Bond volume calculated as a function of bond angle based on Equation 4A.7 using
Microsoft Excel 98.
Bond Angle, 0 (deg) Bond Volume, Vb,,
0 O.OOE+00
2.5 5.32E-06
5 7.98E-05
7.5 3.80E-04
10 1.13E-03
12.5 2.60E-03
15 5.08E-03
17.5 8.90E-03
20 1.44E-02
22.5 2.18E-02
25 3.16E-02
27.5 4.40E-02
30 5.94E-02
32.5 7.82E-02
35 1.OOE-01
37.5 1.27E-01
40 1.57E-01
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4.9.2 Appendix 4A Figures
rb
ure 4A.1 Geometry of the-bond between spheres.
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4.10 Appendix 4B: Effect of different material properties in the bond and in the shell.
In the main text of this chapter, it is assumed that the spherical shell and the bond are composed
of the same material with the same solid properties. However, when manufacturing hollow-
sphere foams using a liquid phase to form a necked bond at the contact points, it possible that the
bond will be composed of a different material than the shell (with different solid properties).
This is illustrated in Figure 4B. 1, which shows the Young's modulus and yield strength of the
shell material, hell a ashell
s ll land crys , and the Young's modulus and yield strength of the bond
material, Ebo n s and abond
The relative Young's modulus and relative strength of the simple cubic packed hollow-sphere
foam is evaluated for variations in Young's modulus and yield strength for both the bond
material and the shell material. The effect of the ratio of Ebond /Eshell and c bond /,shell on the/ s vs / vs
overall mechanical response is determined. The relative Young's modulus is obtained by
normalizing the Young's modulus of the hollow-sphere foam by the Young's modulus of the
shell material (E*/Eshell). The relative strength is obtained by normalizing the strength of the
hollow-sphere foam by the strength of the shell material ( /a s ell).
Table 4B. 1 shows that the relative Young's modulus is dependent on the ratio of the modulus of
the bond material to the modulus of the shell material, Eb°od d/E shell When the bond material
has a Young's modulus 0.25 that of the shell material, the Young's modulus of the hollow-
sphere foam decreases approximately 15% for thin shells with small bonds and approximately
25% for thick shells with large bonds. When the bond material has a Young's modulus that is 4
times greater than that of the shell material, the Young's modulus of the hollow-sphere foam
increases between 12% and 21%, depending on shell thickness and bond size. The mechanical
response of a hollow-sphere foam was evaluated for a shell material Young's modulus of Es hell
= 10 GPa and 100 GPa with no change in the behavior shown in Table 4B. 1. This indicates that
shell bond "' had sh no effect on thellthese results are independent of Es h l l Varying the ratio of E /E had no effect on the
relative strength of the hollow-sphere foam.
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The effect of the ratio ryso /Cyshell on the relative strength of hollow-sphere foams is shown in
Table 4B.2. The behavior was evaluated for three sets of shell relative thickness and bond size
and for bond strength to shell strength ratios from 0.1 to 10. Increasing the strength of the bond
material compared to the shell material has little effect on the relative strength of the hoilow-
sphere foam, whereas decreasing the strength of the bond material has a greater effect. When the
bond strength is half that of the shell strength, the relative strength is only reduced a few percent.
When the bond strength is 0.25 that of the shell strength, the relative strength is reduced between
8% and 26%, depending on shell relative thickness and bond size. A bond strength one-tenth the
shell strength reduces the relative strength of the hollow-sphere foam at least 30% and possibly
more. The ratio rabond Cshell was evaluated for a shell strength shell = 10 MPa and 100 MPa
with little deviation, indicating that these results are independent of shellOys
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4.10.1 Appendix 4B Tables
Table 4B.1 Deviation in the relative Young's modulus of hollow-sphere foams when the bonds
and the shells are composed of different materials. All values are shown as deviations from the
case Ebo°nd/E shell = 1.0. The relative density of each combination of shell relative thickness
and bond size is also shown.
Table 4B.2 Deviation in the relative strength of hollow-sphere foams when the bonds and the
shells are composed of different materiais. All values are shown as deviations from the case
bond shellO 5y/Cshell = 1.0. The relative density of each combination of shell relative thickness and
bond size is also shown.
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bond t/R = 0.02 t/R = 0.02 t/R = 0.054 t/R = 0.1013 t/R = 0. 1013
s 0 = 10° 0 = 20° 0 = 30° 0 = 30 ° 0 = 40°
Eshell
s p* /Ps = 0.031 P */Ps =0.036 P*1/ = 0.103 *1/Ps = 0.166 P*/Ps = 0.203
0.25 -13% -17% -21% -20% -25%
0.50 -7% -9% -11% -10% -13%
1.00 0% 0% 0% 0% 0%
2.00 6% 5% 11% 9% 14%
4.00 12% 9% 18% 13% 21%
bond t/R = 0.02 t/R = 0.054 t/R = 0.2
ays 0= 10° 0= 30° 0= 40°
shell
s p /Ps, = 0.031 P /Ps = 0.103 P / = 0.315
0.10 -20% -30% _
0.25 -8% -15% -26%
0.50 -1% -5% -6%
1.00 0% 0% 0%
2.00 2% 4% 5%
4.00 2% 5% 6%
10.00 2% 5% 6%
w.
H.,
.,
4.10.2 Appendix 4B Figures
Bond Material
Shell M,
Eshell$s
bond bond
Es' ovs
Figure 4B.1 Illustration showing the bond and shell composed of different materials with
different solid properties.
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4.11 Appendix 4C: Data from finite element simulations of SC hollow-sphere foam.
All the values presented in this appendix have been normalized with respect to the solid Young's
modulus (for elastic properties) or the solid yield strength (for strength properties). Tables 4C. 1
through 4C.3 present the values obtained for the compliance constants S11, S12, and S44 that
completely describe the elastic response of the structure. These values can be used to calculate
any of the elastic constants in any orientation and direction. For convenience, the Young's
modulus in the (100), (110), and (111) directions is calculated and shown in Tables 4C.4 through
4C.6. The shear modulus, G12, and the Poisson's ratio, v 12, are shown in Tables 4C.7 and 4C.8,
respectively.
The yield surface was only fully characterized on the 1,2,3-model (Figure 4.3, Figure 4.4a).
Unless indicated, the strength was evaluated in this model orientation. Tables 4C.9 and 4C. 10
present the uniaxial strength in tension and compression. Tables 4C. 11 and 4C. 12 show the
biaxial strength in tension and compression and Tables 4C.13 and 4C. 14 show the hydrostatic
strength in tension and compression. Table 4C. 15 presents the values for strength when the
1,2,3-model is loaded in equal biaxial tension/compression (tension in 1-direction, compression
in 2-direction). Table 4C. 16 shows the values of shear strength, r 2 . These were obtained by
loading the 1',2',3'-model (Figure 4.4b) in a state of equal biaxial tension and compression and
transforming the result to the 1,2,3-axis set. Note rl,2 = l3 = '23 for the 1,2,3-model.
,/
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4.11.1 Appendix 4C Tables
Table 4C.1 Values of S11 x ES from finite element models of SC packing.
0 = 10° 0 = 20° 0 = 30 = 40°
t/R = 0.02 785.79 282.16 139.17 68.99
t/R = 0.054 231.23 97.37 53.29 31.38
t/R =0.1013 98.17 47.37 28.11 18.01
t/R = 0.20 38.90 21.24 13.61 9.26
Table 4C.2 Values of S12 x Es from finite element models of SC packing.
0=10 ° 0=20 ° 0=30 ° 0= 40°
t/R = 0.02 -31.52 -29.92 -26.37 -19.76
t/R = 0.054 -11.68 -11.44 -10.97 -9.04
t/R = 0. 1013 -6.29 -6.59 -6.30 -5.05
t/R = 0.20 -3.93 -3.70 -3.14 -2.32
Table 4C.3 Values of S44 x Es from finite element models of SC packing.
0 = 10 ° 0 = 20 0 = 300 0 =400
t/R = 0.02 343.80 241.21 168.60 104.62
t/R = 0.054 128.80 94.78 67.20 46.75
t/R = 0.1013 74.41 50.30 37.28 27.48
t/R = 0.20 53.92 25.12 20.26 15.46
Table 4C.4 Values of Eloo1 E s from finlite element models of SC packing.
0 = 10° 0 = 20° = 30 ° 0 =40 °
t/R = 0.02 1.27E-03 3.54E-03 7.19E-03 1.45E-02
t/R = 0.054 4.32E-03 1.03E-02 1.88E-02 3.19E-02
t/R = 0.1013 1.02E-02 2.11E-02 3.56E-02 5.55E-02
t/R = 0.20 2.57E-02 4.71E-02 7.35E-02 1.08E-01
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Table 4C.5 Values of E1 lo/Es from finite element models of SC packing.
0 = 10° 0 =20° 0 =30 ° 0 =40 °
t/R = 0.02 2.16E-03 5.34E-03 1.01E-02 .97E-02
t/R = 0.054 7.04E-03 1.50E-02 2.63E-02 4.37E-02
t/R =0.1013 1.55E-02 3.01E-02 4.94E-02 7.49E-02
t/R = 0.20 3.23E-02 6.47E-02 9.71E-02 1.36E-01
Table 4C.6 Values of El I1/E s from finite element models of SC packing.
= 10° 0 = 20 0 = 30° 0 =40°
t/R = 0.02 2.81E-03 6.43E-03 1.18E-02 2.24E-02
t/R = 0.054 8.91E-03 1.78E-02 3.04E-02 5.OOE-02
t/R = 0. 1013 1.88E-02 3.51E-02 5.68E-02 - 8.47E-02
t/R = 0.20 3.53E-02 7.39E-02 1.09E-01 1.49E-01
Table 4C.7 Values of G12 /E s from finite element models of SC packing.
0 = 10° 0 = 20° 0 = 30° 0 = 40°
t/R = 0.02 2.91 E-03 4.15E-03 5.93E-03 9.56E-03
t/R = 0.054 7.76E-03 1.06E-02 1.49E-02 2.14E-02
t/R = 0.1013 1.34E-02 1.99E-02 2.68E-02 3.64E-02
t/R = 0.20 2.50E-02 3.98E-02 4.93E-02 6.47E-02
Table 4C.8 Values of vl2 from finite element models of SC packing.
0 = 10° 0 = 20° 0=30 1 0= 40°
t/R = 0.02 0.040 0.106 0.190 0.286
t/R = 0.054 0.051 0.117 0.206 0.288
t/R = 0.1013 0.064 0.139 0.224 0.280
t/R = 0.20 0.101 0.174 0.231 0.251
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Table 4C.9 Values of uniaxial tension, crut lay, for SC packing.
0 = 10° 0 =20 ° 0 =300 0 =40 °
t/R = 0.02 2.25E-03 5.54E-03 9.43E-03 1.52E-02
t/R = 0.054 7.46E-03 1.69E-02 2.79E-02 3.90E-02
t/R = 0.1013 1.67E-02 3.43E-02 5.58E-02 7.92E-02
t/R = 0.20 3.29E-02 6.89E-02 1.09E-01 1.50E-01
Table 4C.10 Values of uniaxial compression, a "ul / c ys, for SC packing.
0 = 10° 0 = 20° 0 = 30° 0 =40 °
t/R = 0.02 1.94E-03 4.85E-03 8.39E-03 1.38E-02
t/R = 0.054 7.16E-03 1.62E-02 2.68E-02 3.76E-02
t/R =0.1013 1.65E-02 3.38E-02 5.50E-02 7.84E-02
t/R =0.20 3.35E-02 6.87E-02 1.09E-01 1.51E-01
Table 4C.11 Values of biaxial tension, a'/b ry , for SC packing.
?1) 0 = 10 0 = 20 0 = 30 0 = 40
t/R = 0.02 2.24E-03 4.68E-03 6.71E-03 1.03E-02
t/R = 0.054 7.41E-03 1.43E-02 2.03E-02 -
t/R = 0.1013 1.66E-02 3.00E-02 4.21E-02 5.96E-02
t/R = 0.20 3.28E-02 6.44E-02 8.97E-02 -
,,I
Table 4C.12 Values of biaxial compression, o 'b/e ,, for SC packing.
0 = 10° 0 = 20° 0 = 300 0 =40 °
t/R = 0.02 1.95E-03 4.42E-03 6.34E-03 9.54E-03
t/R = 0.054 7.09E-03 1.39E-02 1.98E-02 -
t/R = 0.1013 : 1.64E-02 2.96E-02 4.17E-02 -
t/R = 0.20 3.33E-02 6.42E-02 8.96E-02 -
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Table 4C.13 Values of hydrostatic tension, ah/Cys, for SC packing.
0 = 10° 0 = 20° 0 = 30° 0 = 40°
t/R = 0.02 2.26E-03 5.37E-03 8.08E-03 1.43E-02
t/R = 0.054 7.46E-03 1.60E-02 2.48E-02 -
t/R = 0.1013 1.67E-02 3.29E-02 5.19E-02 7.93E-02
t/R = 0.20 3.29E-02 6.88E-02 1.08E-01 -
Table 4C.14 Values of hydrostatic compression, oahc/aly, for SC packing.
0= 10 0=20 0 = 30 0 = 40
t/R = 0.02 1.95E-03 4.8 1E-03 7.25E-03 1.21E-02
t/R = 0.054 7.15E-03 1.54E-02 2.35E-02 - -
t/R = 0.1013 1.65E-02 3.23E-02 5.08E-02 -
t/R = 0.20 3.34E-02 6.85E-02 1.08E-01 -
Table 4C.15 Values of equal biaxial tension/compression (tension in 1-direction, compression
in 2-direction), oebtc/'y S for SC packing. Can be transformed to obtain 'r. 2./'ys (Figure 4.4a
and b).
0 = 10° 0 = 20° 0 = 30° 0 = 40
t/R = 0.02 2.10E-03 4.70E-03 6.70E-03 8.90E-03
t/R = 0.054 7.28E-03 1.50E-02 1.93E-02 2.50E-02
t/R = 0.1013 1.65E-02 3.03E-02 3.77E-02 -
t/R = 0.20 3.3 1E-02 6.17E-02 7.63E-02
Table 4C.16 Values of shear, r1 2/oy s , for SC packing obtained by transforming the result of
loading the 1',2',3'-model (Figure 4.4b) in tension in the l'-direction and equal magnitude
compression in the 2'-direction, Note r 12 = T13 = T23 for the-1,2,3-model (Figure 4.3 and 4.4a).
0 = 10° 0 = 20° 0 = 30° 0 = 40°
t/R = 0.02 4.82E-03 - 9.31E-03 1.17E-02
t/R = 0.054 1 29E-02 - 2.48E-02 3.15E-02
t/R = 0. 1013 1.46E-02 - 4.54E-02 5.76E-02
t/R = 0.20 1.47E-02 - 8.22E-02 1.07E-01
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5.0 MECHANICAL BEHAVIOR OF BODY-
CENTERED AND FACE-CENTERED CUBIC
HOLLOW-SPHERE FOAMS
5.1 Introduction
Recently, a number of new processes have been developed to manufacture both open- and
closed-cell metallic foams [Ashby et. al., 2000]. Aluminum foams are the most common, but
copper, nickel, steel and titanium foams have also been produced. Open-cell metallic foams
typically achieve mechanical properties close to theoretical predictions. Although the
mechanical properties of closed-cell metallic foams theoretically exceed those of open-cell
foams, in practice, defects, in the form of elliptical cells or curved cell walls, reduce their
measured properties to values similar to those for C ,n-cell foams [Bart-Smith et. al., 1998;
Simone and Gibson, 1998; Andrews et. al., 1999; Gibson, 2000]. Elimination of defects in
closed-cell metallic foams could improve their performance by as much as a factor of ten at low
densities. Hollow-sphere foams provide an alternative microstructure with the potential for
improved properties for low-density metal structures. Hollow spheres can be manufactured from
a broad range of materials and assembled into relatively defect-free, periodic structures, in three
main ways as shown in Chapter 4. The interstitial spaces in a three-dimensional array of hollow
spheres can be infiltrated with a bonding material such as epoxy or a low-melting temperature
metal to give a syntactic foam [Bonino et. al., 1990; Rawal et. al., 1993; Rickles et. al., 1989;
Hartmann et. al., 1998; Hartmann, 1999; Luxmoore and Owen, 1982]. Heat and pressure can be
applied to an assembly of metal or ceramic precursor hollow spheres to diffusion bond the
contact regions [Sypeck et. al., 1998; Hurysz, 1998]. And finally, a liquid phase can be
introduced to form a bonded neck between the spheres [Bonino et. al., 1990; Hurysz, 1998]. In
this study, the microstructure of hollow-sphere foams made by this third method is modeled, as it
presents the simplest geometry to analyze. The mechanical behavior of body-centered cubic
(BCC) and face-centered cubic (FCC) packed hollow-sphere foams is determined and compared
to the properties of simple cubic (SC) packed hollow-sphere foams (Chapter 4), open-cell foams,
and closed-cell foams.
195
5.1.1 Relative Density of Bonded Hollow Spheres
The geometry of two hollow spheres bonded by a neck is shown in Figure 5.1. Each hollow
sphere has an outer radius R and a wall thickness t. The radius of the neck is given by rb; the
angle subtended by the neck is 2 0. The radius of the neck, normalized by the outer sphere
radius, is related to the bond angle by:
= tan 0 +os - (Eqn. 5.1)
R coso
Although it is easier in practice to measure relative neck size of a bond, rather than bond
angle, the models in this paper are defined using bond angle because of the way in which the
models were created in the finite element program.
The total relative density of the hollow sphere aggregate is the sum of contributions from
both the spheres and the bond material. In the following equations, the densities of the bond
material and the sphere wall material are assumed to be identical. Combining the
contributions from the material in the hollow spheres and that in the bond between spheres,
the relative density of an assembly of bonded hollow spheres is:
Pj. P ) sphere,, P bon
[PS 'K) sph2 ere3 'K V ) (Eqn. 5.2)
where PF Vaktunit ctell
where PF and CN are the packing factor and coordination number, respectively, for the
assembly of hollow spheres (Table ), Vun,,i, cell is the unit cell volume and Vbond is the
volume of the bond material, given by
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Vb = [1.68 x 104(0)3 - 2.072 x 10-5(0)2 + 1.055 x 104 (0) - 9.77 x 10-6] x 2R3 (n. 5.3)
for 10° < 0(deg) < 40 ° .
5.2 Finite Element Models
5.2.1 Model Geometry
Finite element models of BCC and FCC hollow sphere packings were created using
ABAQUS/CAE v.5.8-18 (Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI) and were
processed on a Hewlett-Packard J5600 workstation running HP-UX 10.20. The models were
designed to evaluate the effect of the shell relative thickness and the bond size on the
mechanical response. A parametric study was conducted for BCC and FCC packing using
models created with every combination of four values of shell relative thickness (t/R = 0.02,
0.054, 0.1013, 0.20) and four values of the bond angle ( = 150, 20°, 25°, 30°), giving a
range of total relative densities from 0.02 to 0.3. Values of t/R = 0.054 and 0.1013 were
chosen to correspond to commercially available hollow metal spheres. The cubic symmetry
of the BCC and FCC packing arrangements allows a one-eighth unit cell to be modeled in the
primary orientation, reducing the computation time. Each model was constrained by
applying periodic boundary conditions to the partial unit cell so that results would be
representative of bulk values. The models were meshed using an automatic tetrahedral mesh
generation algorithm. The modified, second-order tetrahedral element C3D1OM provides
good results if the mesh has sufficient refinement. The convergence study conducted in
Chapter 4 indicated that a mesh with an element length of 7% of the sphere radius was
sufficient for the results to converge within 1% for most models except those with a shell
relative thickness of tR = 0.02. For those shells, a mesh with an element length of 5% of
that of the sphere radius was sufficient for convergence to 1%. Fully meshed models
contained up to 22,000 nodes and 11,000 elements.
Models were created in multiple orientations for each packing type. The primary orientation
corresponds to the standard orientation of the unit cell with faces orthogonal to the (100)
directions of the crystal structure (Figures 5.2a and 5.2b). To evaluate the yield response of
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the models in the (110) direction, the unit cell was rotated 45° about the 2-axis such that the
new 1'-face is normal to the (110) crystallographic direction (Figures 5.2c and 5.2d). To
evaluate the yield response of the models in the (111) direction, the unit cell was rotated such
that the "-face is normal to the (111) crystallographic direction (Figure 5.2e).
5.2.2 Material Definition
From previous work (see Chapter 4), it was determined that the relative moduli of the
hollow-sphere foams do not vary with the solid material's Young's modulus. The relative
strengths (at initial yield) do vary slightly with solid yield strength due to elastic geometrical
changes prior to y)ield. In this study, the material was assumed to be elastic-perfectly plastic
with a Young's modulus of 200 GPa, a Poisson's ratio of 0.3, and a yield strength of 100
MPa. .
5.2.3 Characterization of Elastic Anisotropy
Materials with cubic symmetry have three independent elastic constants [Nye, 1957]. For the
primary orientation, with the axis set aligned with the axes of cubic symmetry (Figures 5.2a
and 5.2b, 1,2,3-axis set), the three can be taken as the Young's modulus, El, the Poisson's
ratio, Vl 2 - -E22/1 l f o r uniaxial loading in the 1-direction, and the shear modulus, G*2 for
loading in the 1,2-plane. In the models, application of a normal displacement in the 1-
direction allowed the reaction force in the 1-direction and the displacement in the 2-direction
to be calculated, giving the first two elastic constants. The shear modulus was obtained using
finite element models with the faces of the unit cube rotated relative to the positions of the
spheres by 45° about the 2-axis (Figures 5.2c and 5.2d). A finite element model of one-
eighth of the unit cell was used. By applying equal and opposite displacements, the 1',2',3'-
models were loaded in tension in the '-direction and compression in the 2'-direction to
produce an equivalent pure shear. The results from equal biaxial tension/compression on the
rotated unit cell are then transformed to obtain the shear modulus in the 1,2,3-axis system. A
third set of finite element models was created for FCC packing with the 1'-face of the unit
cube rotated relative to the positions of the spheres such that the "-axis (and "-face) is now
oriented in the (111) crystallographic direction relative to the spheres (Figure 5.2e). The unit
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cell in this orientation is a hexagonal prism; a finite element model of one-eighteenth of the
full unit cell was used (with appropriate periodic and symmetry boundary conditions).
Uniaxial loading displacements were applied in the 1-, the I'-, and the l"-directions on the
three orientations of the unit cell. The corresponding Young's moduli were then compared
with those found from transformation of the three elastic compliances, S, S12, and S44,
found for the first model (oriented with faces normal to the 1-, 2-, and 3-directions). This
provided a check on the elastic anisotropy calculations. Only one combination of relative
shell thickness and bond angle was used for these calculations (tlR = 0.054, 0 = 30°).
5.2.4 Characterization of the Yield Surface
Detailed yield envelopes for biaxial and triaxial loading were calculated for BCC and FCC
packings for a single combination of t/R and 0 (t/R = 0.054, = 30°, oriented in the 1,2,3-
axis set) using over forty loading paths. From this detailed calculation, it was determined
that only seven stress states on the yield envelope needed to be analyzed to characterize the
yield surface in the 1,2,3-orientation. These stress states are: uniaxial tension, uniaxial
compression, biaxial tension, biaxial compression, biaxial tension/compression (tension
along 1-direction, compression along 2-direction), hydrostatic tension, and hydrostatic
compression. These seven loading conditions were applied to all sixteen unit cell models in
the 1,2,3-axis set of both the BCC and FCC packings. The shear strength in the 1,2-plane
was obtained by applying biaxial tension/compression to the 1',2',3'-unit cells (tension along
l'-direction, compression along 2'-direction). In addition, the rotated unit cells (1',2',3' and
1",2",3") were used to determine the yield strengths in the 1'- and 1"-directions. In all, over
300 finite element models were analyzed to include all the necessary variations.
5.3 Results
For each loading case and for each of the hollow sphere geometries modeled, load-displacement
data was used to generate a stress-strain curve (described in Chapter 4). The stress-strain curves
for uniaxial loading and pure shear exhibit a linear-elastic regime, a rounded shoulder at the
onset of yield, and a varying strain-hardening response (depending on geometry and solid
material properties). The moduli were calculated from the slope of the initial linear portion of
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the stress-strain curve and the strengths were calculated from the stress corresponding to 0.2%
plastic strain. Appendix 5A provides a listing of all the measured elastic properties and yield
strengths for the modeled geometries of BCC hollow-sphere foams. Appendix 5B-'pvidsiithis
same information for FCC hollow-sphere foams.
5.3.1 Anisotropic Elasticity
The three independent elastic constants describing the linear elasticity of the BCC and FCC
sphere packings can be expressed in terms of the engineering elastic constants, normalized
with respect to the Young's modulus of the solid shell material:
El* I d 1
= VI, s 2 and G12 (Eqn. 5.4)
Es S,,ES 12 S E E , S 5.4E,
The relative Young's modulus increases with increasing bond size and shell relative thickness
(Figure 5.3a); the relative shear modulus behaves in a similar manner (for both BCC and
FCC packing). The relative Young's modulus depends on the relative density in a more
complex way due to the dependence of relative density on both relative thickness of the
spheres and bond size. At low relative densities and large bond size, a relatively large
fraction of the mass is ineffective, reducing the modulus dramatically (Figure 5.3b). For
optimized sphere geometries, in which the values of t/R and 0 are chosen to maximize the
Young's modulus, the modulus varies roughly linearly with relative density. The Poisson's
ratio increases with both bond angle and shell relative thickness (Tables 5.2 and 5.3).
The compliances S 1, 12, and S44 (for loading in the 1,2,3-axis set) were fit to equations in
terms of t/R and 0 (in degrees) using MacCurveFit v.1.5.2 (Kevin Raner Software, Victoria,
Australia). For BCC packing,
SI E s [-2.99 x 10+-20 + 1.89t [1.24x10-2(0)- 1.35]
S= [-2.99 x 1 () +1 Eqn 55)
SI'I 
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6_ t \ [3.02x104(8)0 -7.36x10-3(0)-0.952]
S44Es = [6.89x 10-3(6)2- 0.424(0) + 11.8(*J (Eq 5.7)S44 Es = I R lo"(e)'o 42~(e~illS~ (Eqn. 5.7)
and for FCC packing,
S1 lE = [-1.52 x 102() + 1.40(-2 (Eqn. 5.8)
S12 = (.225(0)2 + 1.414(0) - 22.38)x (Eqn. 5.9)
Sl4 R (Eqn. 5.9)
- 2.20 x 104(0)2 + 0.0145(0) - 9.40 x 10- 3
SE, = [2.38 x 10- 3(0)2 - 0.177(0) + 5.61 (Eqn. 5.10)
The equations have been normalized with respect to the Young's modulus of the solid
material. The equations describe the finite element results for 0.02 < tlR < 0.2 and
15° < 0 < 30° to within 5% in all cases and within 3% in most cases. A numerical equation
could not be found to fit the S12 compliance constant for BCC and FCC packing. Rather, a
numerical equation was easily obtained for the relation -S2/Sl1 (which is equal to the
Poisson's ratio, vl2). The equations shown above for Poisson's ratio fit to within _+0.01 from
the finite element solution. The values of vl 2 are shown in Tables 5.2 and 5.3.
Standard transformations can be used to determine the compliance tensor in any other
coordinate axis set. The Young's modulus in the 1'- and l"-directions obtained by
transforming the compliance tensor agree exactly with the Young's modulus calculated from
the rotated finite element models loaded in the 1'- and 1"-directions. For a bond angle of 30°
and a shell relative thickness of 0.1013, the relative Young's modulus of a BCC packing was
computed in the 1-, 1'-, and l"-directions as 0.101, 0.065, 0.060, respectively. The relative
Youilg's modulus is 35% less in the l'-direction when compared to the 1-direction and is 40%
less in the I"-direction when compared to the 1-direction. For FCC packing, the relative
Young's modulus in the l-direction is 0.127 and varies less than 5% in any direction; it is
nearly isotropic. A simple method to visualize the Young's modulus in any direction is to use
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the elastic representation surface [Nye, 1957], which can be calculated from the above
relations (Figure 5.4).
5.3.2 Yield Surface
The relative uniaxial yield strength for loading in the 1-direction increases with both
increasing shell relative thickness and bond size (Figure 5.5a). The only item to note in
Figure 5.5a is that for a bond angle of 15°, the yield strength begins to plateau above a shell
relative thickness of 0.1. This is due to yield occurring in the bond rather than the shell. The
finite element results are well described (to within 5%) by the equations:
.. l =[0.029(0) + 0.352 BCC packing (Eqn. 5.11)rr ys =[_1.58x o0 ) 1(.13
1 .[-1.58 x i03(0) + 1.10(0) + 0.0154 FCC packing (Eqn. 5.12)
rlys
for 0.02 < tR < 0.2 and 15° < 0 < 35°, with 0 in degrees. The responses in compression and
tension are identical. The relative uniaxial yield strength is plotted against relative density in
Figure 5.5b; as with the Young's modulus, the strength decreases rapidly at low relative
densities and large bond size. For optimized geometries in which the values of t/R and 0 are
selected to maximize the strength, the strength varies roughly linearly with relative density,
similar to the response of an ideal closed-cell foam.
The relative shear strength in the 1,2-plane is:
2 = [2.00 x 104 (0)2 _1.68 x 10-3() 0303 0.0 + 3.66 x 10-3 BCC packing
ys
(Eqn. 5.13)
2 = [0.0098 x 0 + 0.487 -0.0025, >1 00(t/R) + 5 FCC packing
(Eqn. 5.14)
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for 0.02 < t/R < 0.2 and 15° c 0 < 35°. For FCC packing, Eqn. 5.14 is only valid for
0 100(t/R) + 5. This additional constraint occurs to prevent yield from occurring in the
bond between spheres; if the bond yields, then increasing the shell thickness will have no
effect on the shear strength of the structure.
For a bond angle of 30 degrees, a relative thickness of 0.1013, and a solid material yield
strength of 100 MPa, the relative uniaxial yield strength in various directions is shown in
Table 5.4. Although the results are shown for just one shell thickness and bond size, the
degree to which strength varies in each direction is consistent across all geometric variations.
In SC packing (Chapter 4), the strength in the (110) direction is about 10% less compared to
the (100) direction, and the strength in the ( 111) direction is about 20% greater than in the
(100) direction. In both BCC and FCC packing, the strength in the (110) direction is about
20% lower than in the (100) direction. In FCC packing, the strength is nearly equal in the
(111) direction compared to the (100) direction. The strength in the ( 11) direction could not
be determined for BCC packing because that specific geometry was not modeled. However,
based on the results from SC and FCC packing, it is reasonable to assume that the strength in
the (111) direction is within approximately 20% of the strength in the (100) direction. The
relative uniaxial yield strength exhibits considerably less anisotropy than the elastic
properties.
Detailed biaxial and triaxial yield surfaces were calculated for over forty stress states for a
BCC model and a FCC model oriented in the 1,2,3-axis set for t/R = 0.054 and 0 = 30°.
Figures 5.6 and 5.7 show the biaxial and triaxial yield surfaces, respectively. The SC yield
surface has also been included for comparison in Chapter 4. The general shape of the yield
surfaces can be described by a small number of critical stress states: uniaxial, equal biaxial,
equal and opposite biaxial, and hydrostatic tension and compression. The shape of the
biaxial yield surface for BCC packing exhibits the most drastic dependence on geometry. At
small values of shell relative thickness and bond angle, it becomes shortened along the
= 2 axis; as shell relative thickness and bond angle i increased, it elongates along the
1 - 2 axis. As observed for the uniaxial strengths, the biaxial and hydrostatic strengths
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are also equal in tension and compression for the BCC and FCC packings. Figure 5.8 shows
the yield envelope plotted on axes of effective stress versus mean stress comparing SC
(Chapter 4), BCC, and FCC packings (tR = 0.054 and 0 = 300). The asymmetric response
to loading conditions is visible. The solid and dotted lines indicate the difference in effective
versus mean stress behavior when loaded under a a 2 > ( 1 = a 3 ) stress state (solid line) and
a CF2 < (1 = c 3 ) stress state (dashed line). FCC packing exhibits the least amount of
asymmetric behavior, whereas SC packing exhibits the greatest amount (Chapter 4).
5.3.3 Yield Criteria
Two phenomenological yield criteria have been used to describe the behavior of metallic
foams: the Miller criterion [Miller, 2000] and the Desphande-Fleck criterion [Deshpande and
Fleck, 2000]. The Miller criterion is based on the Drucker-Prager criterion and accounts for
unequal uniaxial tensile and compressive strengths. This is not a necessary condition for
BCC and FCC hollow-sphere foams because their tensile and compressive strengths are
equal. Also, the Miller yield surface comes to a point for hydrostatic loading (which does not
occur for BCC or FCC packing) so that calculation of the plastic strain rate, assuming
normality, becomes difficult [Gibson, 2000]. The Desphande-Fleck criterion is based on a
powder compaction model and gives an elliptical yield surface where
2 (/3)2 [e + a2 o] (Eqn. 5.15)
and a defines the aspect ratio of the elliptical yield surface. The plastic Poisson's ratio can
be calculated from a by the following equation:
P E 516)
vO= 2 (Eqn. 5.16)
1+(3
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The FCC yield surfaces obtained from the finite element models can be described quite well
using the Deshpande-Fleck criterion (Figures 5.6 and 5.7). For each geometric configuration
of FCC packing, Eqn. 5.15 was fit to the yield surface to determine a and &. Numerical
equations were then fit to a and 6 as a function of bond angle and shell relative thickness:
(-279 x 15 -5-54 x x (-_ 35)2 +(1-46(- -2.45 x (Eqn. 5.17)
a=(0.7420+1.0)) + (0.01890- 0.679) +(0.02460 + 0.311) (Eqn. 5.18)
These equations agree with the values of a: and ' obtained from numerical fits of Eqn. 5.15
to the finite element results within 5%. a scales in a similar manner as the uniaxial strength
and a varies from approximately 1.0 at t/R = 0.20 and 0 = 30° to about 2.4 at t/R = 0.02 and
0 = 15°. The larger values of a describe a yield surface which is shortened along the
hydrostatic axis, indicating that the contribution of bending to the deformation is increasing
(Figure 5.9) [Gibson, 2000].
5.4 Discussion
5.4.1 Comparison of Sphere Packings
For a given shell relative thickness and bond angle, the relative moduli and strength are
highest for FCC packing followed by BCC packing and SC packing. As the packing fraction
of spheres is increased, the sphere coordination number increases along with the total relative
density of the structure. There are more spheres per unit volume and an increased amount of
material in the bonds between the spheres. The increase in the number of sphere contacts
increases the overall structural support and improves the load distribution on a sphere. The
effect of this can be noticed in several ways. In SC packing, there is a difference between the
tensile and compressive strength that is not observed in BCC and FCC packings; the increase
in the number of contacts between spheres places additional constraints on the overall
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deformation of each sphere during loading. The effect of sphere coordination number (or
packing fraction) can also be seen in the FCC elastic representation surface (Figure 5.4),
which is nearly isotropic. FCC packing has 50% and 100% more contacts per sphere than
BCC and SC packing, respectively. The nearly isotropic behavior of FCC packing is also
observed in the yield surface, which can be described well using the isotropic Deshpande-
Fleck yield criteria (Figures 5.6 to 5.8). The anisotropy ratio, E/2G(1 + v), is approximately
0.4-0.6 for SC packing, 1.9-2.0 for BCC packing, and 1.0-1.1 for FCC packing, as calculated
from the compliance constants. Clearly, FCC packing is the most isotropic packing
configuration analyzed.
To compare the SC, BCC, and FCC packings on an equal basis, their equivalent isotropic
stiffness can be calculated according to Tsai and Pagano [Tsai and Pagano, 1968]
- 3Ql + Q12 +2Q44 (Eqn. 5.19)
4
where Qj are the reduced stiffnesses,
1= 2Si! 2
-S _ 12Qe~12 -S12 ~(Eqn. 5.20)
s2 - S12
1Q44 =-S44
For the same geometry shown in Figure 5.4 (t/R = 0.1013 and 0 = 30 °) and using Eqns. 5.5-
5.10 and Eqn. 4.8 from Chapter 4, the equivalent isotropic relative modulus, EIE, is
calculated as 0.043, 0.092, and 0.132 for the SC, BCC, and FCC packings, respectively.
Although there is some difference in the relative densities of the three packings (0.17 for SC;
0.21 for BCC; 0.22 for FCC), the large increase in modulus is primarily due to the increase in
coordination number. It is clearly beneficial to maximize the number of sphere contacts
(sphere packing fraction) to obtain the best structural properties.
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5.4.2 Optimization of Sphere Bonding
As indicated in Figures 5.3b and 5.5b, there is anl optimum bond size to obtain the maximum
relative Young's modulus or relative strength for a given relative density. For example, in
Figure 5.5b, at a total relative density of 0.06, a structure with a bond angle of 35° and a shell
relative thickness of 0.014 results in a relative modulus of 0.011, whereas a structure with a
bond angle of 25° and a shell relative thickness of 0.025 results in a relative modulus of
0.017. If a hollow sphere is used with a small shell relative thickness, then too much material
in the bond will increase the overall relative density without dramatically improving the
structural support. Conversely, with thick-walled hollow spheres, if too little material is used
in the bond, then it will not maximize the structural support.
Using the numerical equations for the compliances (Eqns. 5.5 and 5.7 for BCC packing,
Eqns. 5.8 and 5.10 for FCC packing), it is possible to solve for the optimum bond size for a
given shell relative thickness to maximize the relative Young's and shear moduli. This same
procedure was also used to determine the optimum bond angle for relative yield strength
(Eqns. 5.11 and 5.12) and relative shear strength (Eqns. 5.13 and 5.14) using the appropriate
equations. The results for BCC and FCC packing are shown in Figures 5.10a and b. The
bond size was limited to 35° for BCC packing and 30° for FCC packing for geometric
reasons; if the bonds are too large, they will overlap. In Figures 5.10a and b, the dotted lines
show the optimum bond relationship ignoring the geometric constraints. In reality, hollow
spheres could be manufactured with overlapping bonds, but the volume difference associated
with this is a second-order effect that would need to be taken into account.
If the bond size is within + 50 of the optimum bonding condition, the mechanical behavior
will remain within about 10% of its optimum performance in all cases. However, if the bond
size deviates by + 10° the mechanical behavior could deteriorate as much as 60%. As seen in
Figures 5.10a and b, the optimum bonding angles necessary to maximize each property are
different. It is possible to optimize the moduli simultaneously or the strengths
simultaneously because they are within the + 50 deviation, biut not both. If one desired the
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best combination of Young's modulus and yield strength, an intermediate bond angle would
be chosen.
5.4.3 Comparison to Open- and Closed-Cell Foams
The Young's modulus, shear modulus, uniaxial strength, and shear strength for the models
with the optimum bond neck size are plotted versus relative density and compared to the
models for open- and closed-cell foams (Figures 5.11 to 5.14). The moduli and strength of
an open-cell foam are given by [Gibson and Ashby, 1997]. The Young's modulus and
compressive strength of a closed-cell foam are given by [Simone and Gibson, 1998]. The
shear strength is calculated using the yield criterion of [Deshpande and Fleck, 2000]. The
equations for a SC hollow-sphere foam are given in Chapter 4. The equations describing the
behavior of all three materials are given in Table 5.5. In Table 5.5, the equations for the
hollow-sphere foam assume that the bonding angle has been optimized for shell relative
thickness for the given property. The Poisson's ratio for open- and closed-cell foams is
approximately 0.32. For a hollow-sphere foam, it varies with bond angle and shell relative
thickness (Eqns. 5.6 and 5.9 for BCC and FCC packing). For 1CC packing, the Poisson's
ratio, V12, varies from -0.37 to 0.15 as the relative density increases from 0.01 to 0.2. For
FCC packing, vl2 varies from -0.18 to 0.23 as the relative density increases from 0.01 to 0.2.
This negative Poisson's ratio was also observed in [Grenestedt, 1999].
The results of the analysis indicate that the theoretical properties of hollow-sphere foams
with the neck geometry analyzed lie between those of open- and closed-cell foams; FCC
sphere packing provides the best properties, close to the theoretical values for closed-cell
foams. Although the moduli and strength of closed-cell foams theoretically exceed those of
open-cell foams, in practice, defects reduce the measured properties of closed-cell metallic
foams to values similar to those for open-cell foams. Hollow sphere metallic foams offer an
alternative microstructure giving potentially superior mechanical performance to existing
closed-cell metallic foams.
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A simple comparison with experimental data for metallic foams is shown in Figures 5.15 and
5.16. In Figure 5.15, the relative strength versus relative density is plotted for measured
values of commercially available metallic foams (Cymat, Alporas, Alulight, Fraunhofer, and
ERG) [Gibson, 2000]. The actual properties of closed-cell foams falls far below their
theoretical maximum and are not much better then open-cell foams. An optimized FCC
hollow-sphere foam exhibits a relative strength about three times better than current metal
foams at 10% relative density and up to ten times better at relative densities below 5%.
Figure 5.16 shows the multiaxial yield behavior for 8% dense Alporas metal foam and 8%
dense FCC hollow-sphere foam. The experimental data for Alporas was obtained from
[Gioux et. al., 2000] and was normalized by a solid yield strength of 160 MPa [Gibson,
2000]. The FCC foam has been optimized for uniaxial yield strength with t/R = 0.033 and 0
= 24.7°. These values were used to calculate a and i (Eqns. 5.17 and 5.18) for the
Deshpande-Fleck yield surface (Eqn. 5.15). The yield surface for the optimized FCC hollow-
sphere foam is about three times larger than the equivalent yield surface for Alporas metal
foam.
5.4.4 Strengths and Limitations of the Analysis
The analysis of BCC and FCC packed hollow-sphere foams was limited to the elastic and
initial yield behavior. The anisotropic elasticity was completely characterized. The initial
yield behavior was characterized for uniaxial, biaxial and axisymmetric triaxial stress states
in which the stress tensor axes are aligned with the 1,2,3-axis set but does not consider stress
states on a rotated material orientation (beyond elasticity). The relative yield strength is
equal in tension and compression; a Deshpande-Fleck yield surface gives a good description
of the yield for any stress state in FCC packing. The post-yield behavior, of particular
interest in calculating the energy absorption capacity of the material, was not analyzed in this
study. For a hollow-sphere foam, the stress during plastic collapse is not constant [Hurysz et.
al., 1998; Chapter 3]. The hardening response depends on the yield strength and the
hardening behavior of the solid, as well as on the relative thickness of the spheres as shown
in Chapter 3. The analysis assumes perfect packing of the spheres and does not account for
defects that may occur during manufacture. The effect of variations in either the shell
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relative thickness or the bond size could be characterized using an upper/lower bound
analyses [Jones, 1975], whereas variations in sphere size are more difficult to characterize.
5.5 Conclusions-
Hollow-sphere foams offer the potential for improved mechanical behavior over existing open-
and closed-cell metallic foams. For instance, at relative densities of 10%, hollow-sphere foams
have moduli and strength (in the 1-direction) that are three times those of existing metallic foams
and this increases to a factor of ten at relative densities below 5%. In general, the FCC packing
has superior properties to the BCC or SC packing. The relative elastic modulus shows large
anisotropy for BCC packing, with the Young's modulus in the "-direction 0.6 times that in the
1-direction. The relative elastic modulus of FCC packing is nearly isotropic. The uniaxial yield
strength shows less anisotropy than the elastic properties and the tensile and compressive
strengths are identical. There is an optimum bond angle to maximize the mechanical properties
for a given shell relative thickness, t/R. Finally, the triaxial yield surface for 8% dense optimized
FCC hollow-sphere foam is roughly triple that of Alporas foam at the same density.
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5.7 Tables
Table 5.1 Geometric properties of various sphere packings.
Table 5.2 The values of v12 for BCC packing.
t/R 0 = 15° 0 = 20° 0 = 25° 0 = 30°
0.0200 -0.37 -0.23 -0.10 0- .04
0.0540 -0.26 -0.13 -0.01 0.08
0.1013 -0.16 -0.05 0.04 0.11
0.2000 0.00 0.06 0.11 0.14
Table 5.3 The values of vl 2 for FCC packing.
t/R 0 = 15° 0 = 20° 0 = 25° 0 = 30°
0.0200 -0.18 0.01 0.16 0.21
0.0540 -0.07 0.08 0.18 0.22
0.1013 0.03 0.14 0.20 0.22
0.2000 l, 0.13 0.17 0.21 0.23
Table 5.4 Relative compressive yield strength for t R = 0.1013 and 0 = 30°. The number in
parenthesis is the strength in that direction normalized by the strength in the (100) direction for
each packing. SC data from Chapter 4.
Direction SC BCC FCC
(100) 0.052 (1.00) 0.096 (1.00) 0.138 (1.00)
(110) 0.049 (0.93) 0.077 (0.80) 0.112 (0,81)
(111) 0.061 (1.17) - 0.134 (0.97)
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Packing PF CN Vunit cell
SC 0,5236 6 8R 3
BCC 0.68 8 64R 3 /3W/3
FCC 0.74 12 16-\/2R 3
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5.8 Figures
;pherical shell
of shell
Figure 5.1 The geometry of two bonded hollow spheres with a neck region.
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Figure 5.2 Finite element models of 3BCC and FCC sphere packings with unit cells in different
orientations with respect to the spheres: (a) BCC packing in standard unit cell orientation; (b)
FCC packing in standard unit cell orientation; (c) BCC packing with unit cell rotated 45° about
the 2-axis such that the new l'-direction is parallel to the [10] crystallographic direction and the
new 2'-direction is still parallel to the [010] crystallographic direction; (d) FCC packing with unit
cell rotated 45 ° about the 2-axis such that the new I'-direction is parallel to the [10T]
crystallographic direction and the new 2'-direction is stiltl parallel to the 010] crystallographic
direction; (e) FCC packing with the unit cell rotated such that the "-direction is parallel to the
(11 1) direction and the 3"-direction is parallel to the (11D0) direction. Models (a) through (d) are
one-eighth of the full unit cell and model (e) is one-eighiteenth of the full unit cell. Appropriate
periodic and symmetry boundary conditions were applied to all models. In the general case for
the unit cells in (c) and (d), the l'-direction is parallel to the (110) direction and the 2'-direction
is parallel to the (100) directiont. The BCC [ 111] unit cell is not prismatic and was not modeled.
'Note: The [100] crystallographic direction refers to a specific crystal direction while the (100)
direction refers to the family of [100], [010], [001], [TOO], [00], and [001] crystallographic
directions.
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Figure 5.3 (a) The relative Young's modulus for a BCC packing loaded in the 1-direction
plotted against shell relative thickness for various bond angles. (b) The relative Young's
modulus for a BCC packing loaded in the l-direction plotted against total relative density
(spheres and bond material) for various bond angles.
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Figure 5.4 Elastic representation surfaces for SC (from Chapter 4), BCC, and FCC packings for
a shell relative thickness of 0.1013 and a bond angle of 30 degrees. All surfaces are drawn to the
same scale as indicated on the left.
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Figure 5.5 (a) The relative uniaxial tensile strength for a BCC packing loaded in the 1-direction
plotted against shell relative thickness for various bond angles. (b) The relative uniaxial tensile
strength for a BCC packing loaded in the 1-direction plotted against relative density for various
bond angles.
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Figure 5.6 Biaxial yield surfaces for SC (from Chapter 4), BCC and FCC packing for a model
oriented in the 1,2,3-axis set with t/R = 0.054 and 0 = 30°. The corresponding relative density is
0.099 for SC, 0.116 for BCC, and 0.121 for FCC.
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Figure 5.7 Triaxial yield surfaces for SC (from Chapter 4), BCC and FCC packing for a model
oriented in the 1,2,3-axis set with t/R = 0.054 and = 300. The corresponding relative density is
0.099 for SC, 0.116 for BCC, and 0.121 for FCC. The "comers" of the BCC yield surface are
not aligned with the hydrostatic axis.
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Figure 5.8 Yield envelope plotted on axes of effective stress and mean stress for SC (from
Chapter 4), BCC, and FCC packing with t/R = 0.054 and 0 = 30°. The corresponding relative
density is 0.099 for SC, 0.1 16 for BCC, and 0.121 for FCC. The yield envelope varies with the
stress state because the triaxial yield surface is not symmetrical about the hydrostatic stress axis.
In this figure, Ul = C 3 , the solid lines correspond to a stress state of a 2 > (o 1 = o 3 ), and the
dashed lines correspond to a stress state of a2 < (T = a 3 ). Between all three packings, FCC
exhibits the least amount of asymmetric behavior.
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Figure 5.9 Triaxial yield surface for FCC packing using the Deshpande-Fleck criterion. All
stresses have been normalized by the uniaxial yield strength. The aspect ratio of the elliptical
yield surface is defined by a: an aspect ratio of a = 1.05 corresponds to t/R = 0.1013 and 0 =
30°; a = 1.33 corresponds to t/R = 0.054 and 0 = 25°; a = 2.08 corresponds to tR = 0.02 and 0
= 200. The yield surface shortens along the hydrostatic axis (and a increases) as the bond angle
and shell relative thickness decrease, indicating that the contribution of bending to the
deformation is increasing.
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Figure 5.10 Optimum bond angle plotted as a function of the shell relative thickness for (a)
BCC packing and (b) FCC packing. The bond size was limited to 350 for BCC packing and 300
for FCC packing to prevent the bonds from overlapping. The dotted lines show the optimum
bond angle ignoring the bond size limitation.
225
45
(A0
-0.0
ar
m0
E
E
.0
40
35
30
25
20
15
10
A
u)
0)
0
0
6
E
m
E
0.
so
4(
3C
3(
2C
20
15
tot
,/
, 
,4!
mu
0.1
I-
ia
X 0.01
o
o 0.001
0
0.0001
0.0001
0.01 0.1
Relative Density, p'/p
Figure 5.11 Relative Young's modulus plotted against relative density for open-cell foam,
closed-cell foam, and SC (from Chapter 4), BCC, and FCC packed hollow-sphere foams loaded
in the 1-direction. The relative Young's modulus of BCC packing surpasses that of FCC packing
above a relative density of 0.1.
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Figure 5.12 Relative shear modulus plotted against relative density for open-cell foam, closed-
cell foam and SC (from Chapter 4), BCC, and FCC packed hollow-sphere foams loaded in the
1,2-plane. The relative shear modulus of BCC foam drops below that of SC foam at a relative
density greater than 0.03.
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Figure 5.13 Relative uniaxial tensile strength plotted against relative density for open-cell
foam, closed-cell foam, and SC (from Chapter 4), BCC, and FCC packed hollow-sphere foams
loaded in the 1-direction.
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Figure 5.14 Relative shear strength plotted against relative density for open-cell foam, closed-
cell foam and SC (from Chapter 4), BCC, and FCC packed hollow-sphere foams loaded in the
1,2-plane. The relative shear strength of BCC foam drops below that of SC foam at a relative
density greater than 0.04.
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Figure 5.15 Comparison of optimized FCC hollow-sphere foam to existing metal foams.
Relative strength is plotted versus relative density and data corresponding to approximately 120
measured values for Cymat, Alporas, Alulight, Fraunhofer, and ERG aluminum foams is
included [Gibson, 2000].
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Figure 5.16 Experimental data for triaxial yield strength of Alporas closed-cell metallic foam
(individual points) compared to an optimal FCC hollow-sphere foam (solid line). Both foams
have a relative density of 8% (t/R = 0,033 and 0 = 24.7° for a hollow sphere foam optimized for
uniaxial strength). Values for the Alporas foam were determined from experimental data
normalized by a solid material yield strength of 160 MPa [Gibson, 2000]. The Desphande-Fleck
surface for FCC hollow-sphere foam was calculated from the results in this study (a = 1.54 and
6 = 0.041 were obtained from the optimal shell relative thickness and bond size).
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5.9 Appendix 5A: Data from finite element simulations of BCC hollow-sphere foam.
All the values presented in this appendix have been normalized with respect to the solid Young's
modulus (for elastic properties) or the solid yield strength (for strength properties). Tables 5A. 1
through 5A.3 present the values obtained for the compliance constants S11, S12, and S44 that
completely describe the elastic response of the structure. These values can be used to calculate
any of the elastic constants in any orientation and direction. For convenience, the Young's
modulus in the (100), (110), and (111) directions is calculated and shown in Tables 5A.4
through 5A.6. The shear modulus, G12 , and the Poisson's ratio, v 12, are shown in Tables 5A.7
and 5A.8, respectively.
The yield surface was only fully characterized on the 1,2,3-model (Figure 5.2a). Unless
indicated, the strength was evaluated in this model orientation. Tables 5A.9 and 5A.10 present
the uniaxial strength in tension and compression. Tables 5A.11 and 5A.12 show the biaxial
strength in tension and compression and Tables 5A. 13 and 5A.14 show the hydrostatic strength
in tension and compression. Table 5A. 15 presents the values for strength when the 1,2,3-model
is loaded in equal biaxial tension/compression (tension in 1-direction, compression in 3-
direction). Table 5A.16 shows the values of shear strength, 12 . These were obtained by
loading the 1',2',3'-model (Figure 5.2c) in a state of equal biaxial tension and compression and
transforming the result to the 1,2,3-axis set. Note T1 2 = 13 = 23 for the 1,2,3-model.
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5.9.1 Appendix 5A Tables
Table 5A.1 Values of S11 x Es from finite element models of BCC packing.
0 = 15 0 = 200 0 = 250 0 = 300
t/R = 0.02 140.69 95.33 67.07 46.25
t/R = 0.054 44.35 31.60 23.84 18.35
t/R = 0.1013 20.70 15.37 12.15 9.87
t/R = 0.20 9.54 7.28 5.93 4.96
Table 5A.2 Values of S12 x Es from finite element models of BCC packing.
0 = 150 0= 200 0 = 25° 0 = 30°
t/R = 0.02 52.25 21.63 6.40 -1.76
t/R = 0.054 11.70 4.00 0.28 -1.46
t/R = 0.1013 3.26 0.72 -0.51 -1.06
t/R = 0.20 0.02 -0.40 -0.62 -0.72
Table 5A.3 Values of S44 x Es from finite element models of BCC packing.
0 =- 15 0 = 20° 0 = 25° 0 = 30°
t/R = 0.02 344.00 280.63 226.16 180.25
t/R = 0.054 127.49 105.10 88.95 74.50
t/R = 0. 1013 69.48 57.55 49.07 41.76
t/R = 0.20 36.62 29.86 25.20 21.58
Table 5A.4 Values of Eloo/E s from finite element models of BCC packing.
0 = 150 0 = 20° 0 = 25 ° 0 = 30 °
t/R = 0.02 7.11E-03 1.05E-02 1.49E-02 2.16E-02
t/R = 0.054 2.25E-02 3.16E-02 4.20E-02 5.45E-02
t/R =0.1013 4.83E-02 6.51E-02 8.23E-02 1.O1E-01
t/R = 0.20 1.05E-01 1.37E-01 1.69E-01 2.01E-01
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Table 5A.5 Values of Ello/E s from finite element models of BCC packing.
0 = 15° 0 =20 ° 0 =25 ° 0 =30 °
t/R = 0.02 5.48E-03 7.77E-03 1.07E-02 1.49E-02
t/R = 0.054 1.67E-02 2.27E-02 2.92E-02 3.69E-02
t/R = 0.1013 3.41E-02 4.46E-02 5.53E-02 6.74E-02
t/R = 0.20 7.18E-02 9.17E-02 1.12E-01 1.33E-01
Table 5A.6 Values of E 11 /E s from finite element models of BCC packing.
0 = 15° 0 =20 ° 0 =25 ° 0 =30 °
t/R = 0.02 5.09E-03 7.16E-03 9.80E-03 1.35E-02
t/R = 0.054 1.54E-02 2.07E-02 2.65E-02 3.34E-02
t/R = 0. 1013 3.10E-02 4.03E-02 4.98E-02 6.06E-02
t/R = 0.20 6.49E-02 8.26E-02 1.OOE-01 1.19E-01
Table 5A.7 Values of G12 /Es from finite element models of BCC packing.
0 = 15° 0 =20 ° 0 =25 ° 0 =30 °
t/R = 0.02 2.91E-03 3.56E-03 4.42E-03 5.55E-03
t/R = 0.054 7.84E-03 9.51E-03 1.12E-02 1.34E-02
t/R = 0.1013 1.44E-02 1.74E-02 2.04E-02 2.39E-02
t/R = 0.20 2.50E-02 3.35E-02 3.97E-02 4.63E-02
Table 5A.8 Values of V12 from finite element models of BCC packing.
0= 15 0 = 20° 0 =25° 0 = 30°
t/R = 0.02 -0.371 -0.227 -0.095 0.038
t/R = 0.054 -0.264 -0.127 -0.012 0.079
t/R = 0.1013 -0.158 -0.047 0.042 0.108
t/R = 0.20 -0.003 0.055 0.105 0.145
234
Table 5A.9 Values of uniaxial tension, U'ut/a 'y , for BCC packing.
0 = 15° 0 = 20° 0 =25 ° 0 = 30°
t/R = 0.02 9.42E-03 1.1 1E-02 1.29E-02 1.56E-02
tIR = 0.054 2.92E-02 3.48E-02 4.07E-02 4.79E-02
t/R = 0.1013 6.20E-02 7.29E-02 8.39E-02 9.59E-02
t/R = 0.20 9.54E-02 1.48E-01 1.76E-01 1.97E-01
Table 5A.10 Values of uniaxial compression, aUC/lays, for BCC packing.
0 = 15° 0= 20° 0 =25 ° 0 =30 °
t/R = 0.02 9.42E-03 1.11E-02 1.29E-02 1.56E-02
t/R = 0.054 2.92E-02 3.48E-02 4.07E-02 4.79E-02
t/R = 0.1013 6.20E-02 7.29E-02 8.39E-02 9.59E-02
t/R = 0.20 9.54E-02 1.48E-01 1.76E-01 1.97E-01
Table 5A.11 Values of biaxial tension, ob't/l y s , for BCC packing.
0 = 15° 0 =20 ° 0 =25° 0 =300
t/R = 0.02 6.90E-03 8.64E-03 1.06E-02 1.37E-02
t/R = 0.054 2.19E-02 2.83E-02 3.55E-02 4.42E-02
t/R = 0.1013 4.76E-02 6.13E-02 7.56E-02 9.04E-02
t/R = 0.20 8.92E-02 1.27E-01 1.56E-01 1.85E-01
Table 5A.12 Values of biaxial compression, abclc s, for BCC packing.
0 = 15° 0 =20 ° 0 =25 0 =30 °
t/R = 0.02 6.90E-03 8.64E-03 1.06E-02 1.37E-02
t/R = 0.054 2.20E-02 2.84E-02 3.54E-02 4.42E-02
t/R = 0.1013 4.76E-02 6.13E-02 7.56E-02 9.04E-02
t/R = 0.20 8.92E-02 1.27E-01 1.56E-01 1.85E-01
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Table 5A.13 Values of hydrostatic tension, oht/C'ys, for BCC packing.
0 = 15° 0 =20 ° 0 =25 ° 0 = 300
t/R = 0.02 5.47E-03 7.16E-03 9.02E-03 1.21E-02
t/R = 0.054 1.77E-02 2.39E-02 3.10E-02 4.05E-02
t/R = 0.1013 3.99E-02 5.3 1E-02 6.77E-02 8.44E-02
t/R = 0.20 8.56E-02 1.15E-01 1.44E-01 1.75E-01
Table 5A.14 Values of hydrostatic compression, hC// ( ys, for BCC packing.
0 = 15° 0 =20 ° 0 =25 ° 0 = 300
t/R = 0.02 5.47E-03 7.16E-03 9.02E-03 1.21E-02
t/R = 0.054 1.77E-02 2.39E-02 3.10E-02 4.05E-02
t/R = 0.1013 3.99E-02 5.31E-02 6.77E-02 8.44E-02
t/R = 0.20 8.56E-02 1.15E-01 1.44E-01 1.75E-01
Table 5A.15 Values of equal biaxial tension/compression (tension in 1-direction, compression
in 3-direction), ebc/ys, for BCC packing. Can be transformed to obtain rj3,/oys (Figure 5.2a
and c). Note r1 2, • rT13 for the 1',2',3'-model (Figure 5.2c).
0 = 150 0 = 200° = 25° 0 = 30°
t/R = 0.02 9.95E-03 1.06E-02 1.13E-02 1.18E-02
t/R = 0.054 2.84E-02 3.01E-02 3.17E-02 3.47E-02
t/R = 0.1013 5.40E-02 5.83E-02 6.17E-02 6.69E-02
t/R = 0.20 5.71E-02 9.17E-02 1.27E-01 1.38E-01
Table 5A.16 Values of shear, rl1 2/ys , for BCC packing obtained by transforming the result of
loading the 1',2',3'-model (Figure 5.2c) in tension in the l'-direction and equal magnitude
compression in the 3'-direction. Note 12 = 13 = ;23 for the 1,2,3-model (Figure 5.2a).
0 = 15° 0 = 20° 0 = 25° 0 = 30°
t/R = 0.02 - 7.40E-03 7.70E-03 8.OOE-03
t/R = 0.054 1.79E-02 1.92E-02 2.00E-02 -
t/R = 0.1013 3.30E-02 3.60E-02 3.85E-02 4.20E-02
t/R = 0.20 6.50E-02 7.00E-02 7.70E-02 8.50E-02
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5.10 Appendix 5B: Data from finite element simulations of FCC hollow-sphere foam.
All the values presented in this appendix have been normalized with respect to the solid Young's
modulus (for elastic properties) or the solid yield strength (for strength properties). Tables 5B.1
through 5B.3 present the values obtained for the compliance constants S1 1, S12, and S44 that
completely describe the elastic response of the structure. These values can be used to calculate
any of the elastic constants in any orientation and direction. For convenience, the Young's
modulus in the (100), (110), and (111) directions is calculated and shown in Tables 5B.4 through
5B.6. The shear modulus, G12, and the Poisson's ratio, v12 , are shown in Tables 5B.7 and 5B.8,
respectively.
The yield surface was only fully characterized on the 1,2,3-model (Figure 5.2b). Unless
indicated, the strength was evaluated in this model orientation. Tables 5B.9 and 5B. 10 present
the uniaxial strength in tension and compression. Tables 5B.11 and 5B.12 show the biaxial
strength in tension and compression and Tables 5B. 13 and 5B. 14 show the hydrostatic strength
in tension and compression. Table 5B.15 presents the values for strength when the 1,2,3-model
is loaded in equal biaxial tension/compression (tension in 1-direction, compression in 3-
direction). Table 5B.16 shows the values of shear strength, rl 2 . These were obtained by loading
the 1',2',3'-model (Figure 5.2d) in a state of equal biaxial tension and compression and
transforming the result to the 1,2,3-axis set. Note r 12 = 13 = T2 3 for the 1,2,3-model. Table
5B.17 shows the uniaxial strength in compression for loading the 1',2',3'-model (Figure 5.2d) in
the l'-direction. Although the strength could not be obtained for a few geometries, there was
enough data generated from these finite element models to develop the numerical equations
shown in this chapter.
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5.10.1 Appendix 5B Tables
Table 5B.1 Values of S11 x Es from finite element models of FCC packing.
0 =- 15 0 = 20 ° 0 = 25° 0 = 30°
t/R = 0.02 87.62 62.00 45.00 35.30
t/R = 0.054 30.66 22.18 17.22 13.93
t/R = 0.1013 14.93 11.39 9.32 7.85
t/R = 0.20 7.61 5.79 4.82 4.13
Table 5B.2 Values of S12 x Es from finite element models of FCC packing.
Table 5B.3 Values of S44 x Es from finite element models of FCC packing.
0 = 15° 0 = 20° 0 =25° 0 = 30°
t/R = 0.02 162.03 - 109.77 88.26
t/R = 0.054 60.14 51.41 43.81 37.23
t/R = 0.1013 32.03 27.32 23.66 20.68
t/R =0.20 17.16 14.11 12.11 10.68
Table 5B.4 Values of E1oo/E s from finite element models of FCC packing.
0 = 15° 0 = 20° 0 = 25° 0 =30 °
t/R = 0.02 1.14E-02 1.61E-02 2.22E-02 2.83E-02
t/R = 0.054 3.26E-02 4.51E-02 5.81E-02 7.18E-02
t/R =0.1013 6.70E-02 8.78E-02 1.07E-01 1.27E-01
t/R = 0.20 1.31E-01 1.73E-01 2.07E-01 2.42E-01
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Table 5B.5 Values of El lo/E s from finite element models of FCC packing.
0 = 15° 0 = 20° 0 = 25° 0 = 30 °
t/R = 0.02 1.08E-02 3.34E-02 2.17E-02 2.78E-02
t/R = 0.054 3.18E-02 4.34E-02 5.55E-02 6.78E-02
t/R = 0.1013 6.56E-02 8.51E-02 1.04E-01 1.22E-01
t/R = 0.20 1.32E-01 1.69E-01 2.03E-01 2.34E-01
Table 5B.6 Values of El 1 /Es from finite element models of FCC packing.
0 = 15° 0 = 20° 0 =25 ° 0 = 30°
t/R = 0.02 1.07E-02 5.20E-02 2.15E-02 2.76E-02
t/R = 0.054 3.16E-02 4.28E-02 5.47E-02 6.66E-02
t/R = 0.1013 6.52E-02 8.42E-02 1.02E-01 1.20E-01
t/R = 0.20 1.32E-01 1.68E-01 2.01E-01 2.32E-01
Table 5B.7 Values of G12 /Es from finite element models of FCC packing.
0 = 15° 0 = 20° 0 = 25° 0 = 30°
t/R = 0.02 6.17E-03 - 9.11E-03 1.13E-02
t/R = 0.054 1.66E-02 1.95E-02 2.28E-02 2.69E-02
t/R = 0.1013 3.12E-02 3.66E-02 4.23E-02 4.84E-02
t/R = 0.20 5.83E-02 7.09E-02 8.26E-02 9.36E-02
Table 5B.8 Values of vl2 from finite element models of FCC packing.
0 = 150 6 = 20° 0 = 25° 0 = 30°
t/R = 0.02 -0.180 0.010 0.160 0.212
t/R = 0.054 -0.068 0.080 0.181 - 0.219
t/R = 0.1013 0.031 0.136 0.197 0.225
t/R = 0.20 0.135 0.175 0.210 0.226
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Table 5B.9 Values of uniaxial tension, o ut/rys, for FCC packing.
0 = 15° 0 = 20° 0 = 25° 0 = 30°
t/R = 0.02 - 1.90E-02 - 2.50E-02
t/R = 0.054 4.84E-02 - 6.62E-02 7.10E-02
t/R = 0.1013 9.50E-02 - 1.29E-01 1.38E-01
t/R = 0.20 1.35E-01 - - 2.60E-01
Table 5B.10 Values of uniaxial compression, a uc/ a y s, for FCC packing.
0= 15° 0=20 0 = 25° 0=30 °
t/R = 0.02 - 1.90E-02 - 2.50E-02
t/R = 0.054 4.84E-02 - 6.62E-02 7. 10E-02
t/R = 0.1013 9.50E-02 - 1.29E-01 1.38E-01
t/R = 0.20 1.35E-01 - - 2.60E-01
Table 5B.11 Values of biaxial tension, a bt /' ys, for FCC packing.
0 = 15° 0 = 20° 0 =25 ° 0=30 °
t/R = 0.02 - 1.48E-02 - 2.19E-02
t/R = 0.054 3.69E-02 - 5.77E-02 6.45E-02
t/R = 0.1013 7.68E-02 - 1.13E-01 1.25E-01
t/R = 0.20 1.27E-01 - - 2.45E-01
Table 5B.12 Values of biaxial compression, rrbc / rys, for FCC packing.
0 = 15° 0 = 20° 0 = 25° 0 = 30°
t/R = 0.02 - 1.48E-02 - 2.19E-02
t/R = 0.054 3.69E-02 - 5.77E-02 6.45E-02
t/R = 0.1013 7.68E-02 - 1.13E-01 1.25E-01
t/R = 0.20 1.27E-01 - - 2.45E-01
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Table 5B.13 Values of hydrostatic tension, oaht/Oys, for FCC packing.
0= 15° 0=20° 0=250 0=30°
t/R = 0.02 - 1.16E-02 - 2.23E-02
t/R = 0.054 2.89E-02 - 5.66E-02 6.9 1E-02
t/R = 0.1013 6.37E-02 - 1.15E-02 1.37E-01
t/R = 0.20 1.32E-01 - - 2.61E-01
Table 5B.14 Values of hydrostatic compression, orhC/cry, for FCC packing.
0 = 15° 0 = 20° 0 = 25° 0 = 30°
t/R = 0.02 - 1.16E-02 - 2.23E-02
t/R = 0.054 2.89E-02 - 5.66E-02 6.91E-02
t/R =0.1013 6.37E-02 - 1.15E-02 1.37E-01
t/R = 0.20 1.32E-01 - - 2.61E-01
Table 5B.15 Values of equal biaxial tension/compression (tension in 1-direction, compression
in 3-direction), V eb tc / r for FCC packing. Can be transformed to obtain r3./ys (Figure
5.2b and d). Note r12 2' r1,3, for the 1',2',3'-model (Figure 5.2d).
0 = 15° 0 = 20 0 = 25° 0 =30 °
t/R = 0.02 - 1.43E-02 - 1.65E-02
t/R = 0.054 3.61E-02 - 4.30E-02 4.68E-02
t/R = 0.1013 6.13E-02 - 8.40E-02 9.08E-02
t/R = 0.20 8.66E-02 - - 1.50E-01
Table 5B.16 Values of shear, r 12 /ays, for FCC packing obtained by transforming the result of
loading the 1',2',3'-model (Figure 5.2d) in tension in the '-direction and equal magnitude
compression in the 3'-direction. Note r12 = T1'3 = r23 for the 1,2,3-model (Figure 5.2b).
0 = 15° 0 = 20° 0 = 25° 0 = 30°
t/R = 0.02 1.13E-02 1.20E-02 1.30E-02 1.35E-02
t/R = 0.054 3.22E-02 3.46E-02 3.64E-02 3.83E-02
t/R = 0.1013 6.12E-02 6.67E-02 7.07E-02 7.48E-02
t/R = 0.20 6.12E-02 1.OOE-01 1.42E-01 1.55E-01
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Table 5B.17 Values of uniaxial compression, tyc/ oy for FCC packing loaded in the '-
direction for the 1',2',3'-model shown in Figure 5.2d.
0 = 15° 0 = 20° 0 = 25° 0 = 30°
t/R = 0.02 1.22E-02 - 1.75E-02 1.94E-02
t/R = 0.054 3.80E-02 4.58E-02 5.24E-02 5.74E-02
t/R = 0.1013 7.70E-02 9.20E-02 1.04E-01 1.12E-01
t/R = 0.20 1.11E-01 1.62E-01 2.02E-01 2.29E-01
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6.0 MANUFACTURE OF HOLLOW-
SPHERE FOAMS
6.1 Background
When work began on the finite element modeling study described in Chapters 4 and 5, there
were several research groups working on the production of hollow sphere foams. The bonding
geometry that is modeled is based on the production method developed at Georgia Tech using an
extra bonding phase to produce a fillet or "necks" between spheres [Clancy, 1991; Chung, 1992;
Baxter et. al., 1997; Hurysz et. al., 1998]. Unfortunately, the research group at Georgia Tech
stopped making their hollow sphere foams, citing production problems. Alternatively, samples
of hollow sphere foam were not available from other research groups working in this area,
including the University of Virginia [Sypeck et. al., 1998] and Fraunhofer [Anderson et. al.,
2000]. The group at the University of Virginia had stopped developing hollow-sphere foams;
Fraunhofer was just beginning to develop a method to manufacture hollow spheres and did not
have available samples. The only other commercial alternative for hollow sphere foams was
from ATECA S.A., a materials research and development company, located in France (ATECA
S.A., Montauban, France; www.montauban.cci.fr/ateca). Hollow nickel spheres were available
[Hayyane-Filali, 1989; Blottiere, 1988; Blottiere, 1993], but in quantities less than 1000, the cost-
approached $1 per sphere and this decreased to $0.25 per sphere for quantities in excess of
10,000. At the time, this cost seemed rather exorbitant; 10,000 spheres could have made ten
samples with dimensions of 10 x 10 x 10 spheres at a cost of $250 per specimen. Additionally,
this cost does not include bonding the spheres, using either a polymer resin to produce a
syntactic foam or general sintering techniques. Neither of these produces hollow-sphere foams
with the needed bond geometry. An in-house method to produce hollow-sphere foams for
experimental testing was initiated.
A domestic supplier of hollow spheres was identified (Kaydon Industrial Techtonics, Inc.,
Dexter, MI). Kaydon has the capabilities to manufacture hollow balls from a variety of metals
from 1/4 inch up to 20 inches in diameter. Hollow aluminum spheres (1100 alloy) are available
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as an in-stock item and cost roughly $1 each. Three sizes were purchased: 3/8 inch, 1/2 inch,
and 3/4 inch diameter with uniform wall thickness of 0.020 inches. Solid aluminum (1100 alloy)
balls 1/4 inch in diameter were also purchased to test out various bonding methods. These solid
balls are extremely cheap: 40,000 are less than $375.
Several methods were developed in-house to manufacture assemblies of hollow spheres. Each
has its benefits and drawbacks and an evaluation of these methods is described below.
6.2 Methods
6.2.1 Method 1: Braze Sheet
Initially, several types of brazing paste were obtained (Prince & Izant Company, Cleveland,
OH). A brazing paste is a premixed formulation containing metal powder, flux, and a liquid
delivery vehicle. Both aluminum-silicon and aluminum-zinc pastes are applied to the
spheres and heated in a standard atmosphere benchtop furnace. The formulations were too
viscous, making it difficult to control the amount of braze applied to the spheres. The Al-Si
alloy did not melt properly because the flux did not work as expected. Because the Al-Zn
alloy undergoes a very large exothermic reaction when it oxidizes above 400°C, it cannot be
heated in an oxygen atmosphere.
Next, 780 aluminum alloy sheet (Lucas-Milhaupt) and Turbobraze flux (Turbobraze) was
obtained (see Table 6.1 for more information regarding these companies). The alloy is at the
88% Al, 12% Si eutectic composition and melts at approximately 5800 C. Sheets of the alloy
were placed between spheres and flux was applied with an artist's paintbrush. It was difficult
to obtain precise temperature control in the benchtop furnace; although the braze is supposed
to melt at 580C, it did not melt below a preheated furnace temperature of 630°C (as
indicated by the LCD display). Samples were heated at this temperature until the braze
melted; a 10 to 20 minutes heating cycle was generally sufficient, depending on sample size.
Spheres were successfully joined using two bonding techniques with this method: stacking
alternating layers of spheres and braze sheet, and placing individually measured pieces of
braze sheet between each sphere contact point. In both techniques, spheres are easily
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arranged in a simple cubic packing using a corner "fixture" to keep the spheres aligned
(Figure 6.1).
In the stacking method, the first layer of balls is placed in the fixture, followed by a sheet of
AL718 braze material. This is repeated until the last layer of balls is placed (Figure 6.2).
Turbobraze flux is applied to the spheres and the braze sheets as the assembly is constructed.
The assembly is then placed in a benchtop furnace at 6300 C for 10-20 minutes (ten minutes
for small samples and longer times for larger samples). This temperature and time allows the
braze material, once melted, to flow into all the sphere contact points, forming fairly regular
bond patterns. However, if samples are left in the furnace for too long, the braze material
flows to the top of the sample, forming extra globs of material at the top and making some
spheres poorly bonded on the bottom of the sample. Although several samples were
manufactured this way (Figure 6.3), it was difficult to control the material to obtain uniform
bonds. Some sphere contacts were not bonded, and others had an excess of braze material.
Besides working marginally well on the small spheres, this method does not work on the
larger spheres because the contact points are too far apart for the braze material to flow
between them. This stacking technique was eventually abandoned because it was difficult to
obtain a uniform bond size, and it would be nearly impossible to manufacture BCC or FCC
packed configurations of spheres.
In a slight deviation from this approach, AL780 braze sheets are cut to a uniform size (as
measured on a digital balance to ensure equal mass) and placed between 3/4 inch hollow
spheres arranged in a SC packing. This method is extremely effective to obtain uniform
bond sizes (Figure 6.4). Unfortunately, the vertically oriented sheets often fall out from
between the spheres because there is nothing holding them in place. Thus, assemblies
sometimes have missing bonds. Two well-bonded 2 x 2 x 2 samples were produced; one
sample using 29mg of material per bond and the other using 95mg of material per bond
produced bond sizes of 15° and 28°, respectively (Figure 6.5). The shell relative thickness of
the 3/4 inch spheres is 0.054.
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Using a diamond saw, these samples were sectioned into a periodic unit cell (0.75 inch per
side) by removing a half plane from each side of the cube (Figure 6.6). These two samples
were then tested in uniaxial compression with the resulting stress-strain curves shown in
Figure 6.7. The Young's modulus was measured on the unloading portion of the curves as
109 MPa and 222 MPa for the 15° and 280 bond size samples. The yield strength was
measured using 0.2% offset of the initial loading slope as 0.45 MPa and 0.8 MPa for the 15°
and 28° bond size samples. The Young's modulus and yield strength of 1100 Al shells is 70
GPa and 30 MPa, respectively, in the fully annealed state (www.matweb.com). Based on the
shell relative thickness and bond size, the relative density is calculated as 0.079 and 0.095 for
the 15° and 28° bond size samples. Although mechanically testing a single unit cell is not
necessarily representative of the properties of the bulk material, the effect of bond size on the
mechanical behavior is clearly visible. Increasing the bond size from 15° to 28° increases the
relative density about 20% but doubles both the Young's modulus and yield strength of the
structure. However, this method is not viable for the production of samples due to the high
failure rate of bond formation.
6.2.2 ,Method 2: Braze Ring
In a slight modification to the above method, braze wire is wound around a dowel to form a
coil and cut into rings. These rings are then placed between the spheres (Figure 6.8) and flux
is applied to the joint area with a small brush. The assembly is then placed into a benchtop
furnace and heated. This method was tested on several samples and it produced uniformly
sized bonds with a near perfect success rate. Although not tested, Nocolok aluminum flux
cored wire could be used (Omni Technologies Corporation, Epping, NH). This eliminates
the need to separately apply flux and leads to reduced sphere assembly time. No further
work was completed on this technique.
Although this method works very well for hand assembling small and nearly ideal samples,
this is not a practical bonding method to produce samples with a large number of spheres.
For small scale testing and production, assembling a 4 x 4 x 4 SC arrangement uses 64 balls
and 144 wire rings for bonds. This can easily be assembled and bonded in a single afternoon.
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However, to make a larger sample, a 10 x 10 x 10 arrangement requires the placement of
1000 spheres and 2700 wire rings for bonds. This would be a considerably larger effort.
Packing arrangements with higher coordination numbers (BCC, FCC) requires the placement
of an even larger number of wire rings. Thus, it is desirable to find a better method to
manufacture large-scale samples in which the bond neck can form as was modeled in
Chapters 4 and 5.
As a possible option, the spheres can be coated with a material that melts at a lower
temperature. The spheres could then be assembled into a structure without manually setting
each bond. When heated, the bond material melts and flows into the sphere contact points
forming the bonds. An example of this is solder-coated copper spheres used in ball grid
arrays in microelectronics -applications (Bow Electronic Solders, Camfield Technologies
Sayreville, NJ (732) 316-2100 www.solders.com). Unfortunately, it is expensive to use this
process on the aluminum hollow spheres.
6.2.3 Method 3: Al/Si Braze Paste in Hydrogen Atmosphere
Although the above-mentioned techniques are adequate to produce small samples, a less
tedious and more readily scalable bonding process is desired. By creating a slurry containing
powdered A1718 alloy, the spheres can be coated manually and assembled into a structure.
Surface tension draws the liquid coating into the sphere contact points, forming an ideal
necked bond. When dried, the entire structure is heated to melt and densify the braze
'powder. The benefit to this approach is that all the braze material is applied via a liquid
slurry and is already in its desired location when melted.
There are several characteristics that are identified as desirable properties for the brazing
mixture; the goal is to dip and assemble the spheres. The ideal brazing slurry should have the
proper combination of viscosity, surface tension, and drying time. The liquid phase (or
delivery vehicle) should be viscous enough that the coating sticks to the spheres, and it
should remain fluid while the spheres are being placed into the structure to allow the
formation of ideal necked bonds. High surface tension promotes the formation of ideally
shaped bonds as the liquid attempts to minimize surface area. High viscosity also prevents
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the liquid from draining out of the structure before it dries. When dried, the assembled
structure is rigid enough to be placed into a furnace without collapsing.
A formula for a binder mixture was found in patent literature that would fit the stated needs
[Cochran, 1987; Cochran, 1989]. The slurry mixture contains aluminum powder, Methocel,
Darvan-7, citric acid and water. Methocel is a cellulose-based organic binder that dissolves
in water; it increases the viscosity of the liquid, and when dried, it binds the metal powder.
Darvan-7 and citric acid are both dispersing agents used to keep the metal powder in
suspension. During heating, the organic components of the mixture pyrolize, leaving only
the metal powder. A list of suppliers of these chemicals is provided in Table 6.1. Spheres
are dip coated and assembled into SC packing arrangements, but experimentation revealed
that the water-based binder solution dried too quickly to allow the liquid to flow into the
sphere contact points. To increase drying time, a solvent with a lower vapor pressure had to
be found to allow more time to arrange the spheres and have the liquid flow into the sphere
contact points.
Various organic solvents were investigated (Table 6.2). The two best solvents were benzyl
alcohol and 4-hydroxy-4-methyl-2-pentanone (rose oil). Rose oil has the lowest vapor
pressure of all the solvents investigated. It allowed the maximum time for sphere
arrangement, but it took several days to dry a sample at room temperature. Even with a high
liquid viscosity, most of the liquid drained out of the structure. It is possible to dry the
samples faster by heating them after they are assembled, but this was not researched further.
Benzyl alcohol was selected because it offered the best drying time-it took about an hour
for the structure to dry completely. Ethocel was substituted for Methocel in the slurry; the
two binders share the same properties except that Ethocel is soluble in organic solvents. All
the powder components are mixed in the ratio shown in Table 6.3 (as described in [Cochran,
1987; Cochran, 1989]). The best viscosity is obtained by adding 3 mL of benzyl alcohol to
every l0g of the dry mixture. The slurry is effective at coating the spheres and forms ideal
bonds and dries into a non-brittle green structure that can be confidently transported to the
furnace.
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The samples are then heated in a tube furnace with a flowing hydrogen atmosphere. The
goal is to reduce the oxide that was on the A1718 powder, which allows it to melt in the areas
where it forms the sphere bond. Numerous attempts were unsuccessful for two reasons.
First, the dew point of the hydrogen atmosphere could not be controlled, thus making it
nearly impossible to properly reduce the aluminum oxide coating the particles. Secondly, the
temperature gradients were too extreme within the hot zone of the chamber. Placing
thermocouples throughout the tube and at various points on the sample revealed that a
temperature difference of 25°C across a sample with dimensions of one inch. It was
determined that hollow spheres cannot be properly bonded using this method. Although not
attempted, it is possible that a flux could have been added to the slurry mixture to allow
heating in an oxygen atmosphere.
6.2.4 Method 4: Sn/Cu Solder Mixture with Integrated Flux in Inert Atmosphere
Another drawback to using A1718 as a braze material is that it does not offer much of a
buffer in terms of processing temperature. There is an optimum temperature to melt the
braze material and prevent the hollow spheres from softening and changing shape.
Unfortunately, the available furnace equipment does not provide the accurate chamber
temperature control needed. It was determined that a lower temperature solder would allow a
larger temperature interval between the melting temperature of the bond material and the
aluminum spheres. It is desirable that the bond material wets aluminum and is of similar
strength so that the bonds are not too weak or too strong compared to the shell material.
There are several's pecialty alloy compositions that could have worked, but they were deemed
too expensive. These alloys, containing indium or bismuth (available from Indium
Corporation of America, Utica, NY (800)-4 INDIUM), generally cost around $25-50 per
ounce
With the proper flux, tin will wet and form a metallurgical bond with aluminum, but is not
strong enough in its unalloyed form. Several metal powders and fluxes were tested.
Numerous metal powders with a particle size ranging from 1-5 micron to -325 mesh were
obtained including: tin, copper, bronze, brass, zinc, lead, cadmium, silicon, and aluminum
(Micron Metals - Atlantic Equipment Engineers). The fluxes that were most compatible
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with both tin and aluminum include SnC12 (aq), ZnC12 (aq), and Kapp Amber Flux (Kapp
Alloy and Wire, Inc.). Tin powder was mixed with varying amounts of the other metal
powders (up to 40 wt%) and heated to 5000 C for 10 minutes using each flux. The only
powders that could be melted into a homogeneous alloy with tin were cadmium, copper, and
bronze (copper-tin) using either the ZnC12 or Kapp Amber Flux. Initial indentation testing
revealed that the cadmium-tin mixtures are the same strength as pure tin, thus no further
work was done in this system. ZnCl1 was chosen over Kapp Amber because the latter
contains several chlorides and fluorides; thus, ZnC12 is a less hazardous chemical with which
to work.
A more detailed study of copper/tin and bronze/tin mixtures was conducted where the
powder size of each constituent was varied. Bronze was only available in -325 mesh, but the
copper powders had a size of 1-5 micron spherical, 1-5 micron flake, and -325 mesh (45
micron). These powders were mixed with 1-5 micron and -325 mesh tin powder, ZnCl 2 (aq)
flux was added, and, when dried, the entire mixture was heated to 5000 C for 10 minutes. The
most homogeneous microstructure resulted from a mixture of -325 mesh tin and 1-5 micron
copper flake. This was characterized by both visual observation in an optical microscope and
indentation testing. It was observed that the larger powder sizes of copper and bronze
contained unmelted regions, whereas the 1-5 micron flake was fully melted. Indentation
testing revealed that the 1-5 micron copper flake sample had the least scatter, indicating the
most homogeneous microstructure (Figure 6.9). It was determined that a mixture of -325
mesh tin with 20 weight percent of 1-5 micron copper flake offered the highest strength with
the most homogeneous properties. It was further determined that the strength of the copper-
tin alloy could be improved by aging the microstructure. By heating at 375°C for two hours,
the hardness testing indicated that the strength of the alloy increased threefold because of the
formation of r7 intermetallic precipitates (phase diagram, Figure 6.10). Thus, use of this
alloy allows the strength to be tailored over a wide range to match the strength of the sphere
material.
A Sn-20wt%Cu slurry was created as detailed in Table 6.2. Although Ethocel was used in
Method #3 because it was compatible with the lower vapor pressure solvents, ZnCI2 is not
compatible with these solvents. Methocel is compatible with water; therefore, it was
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substituted for Ethocel. The addition of ZnC12 to the slurry produces an unexpected benefit;
it decreases the vapor pressure of water, thus increasing drying time.
When the slurry was applied to the aluminum spheres and heated in a standard oxygen-rich
atmosphere, the molten solder would not wet the spheres. The ZnC12 flux was not effective,
although it was tested and had worked earlier. When a new furnace became available, this
same slurry was applied to aluminum spheres and heated in an inert argon atmosphere. This
time, the ZnC12 flux in the slurry mixture was effective at removing the oxide from the
aluminum sphere, thus the solder mixture formed an effective metallurgical bond with the
aluminum sphere. Although this system was not evaluated further, it appears that it is an
effective method to produce large assemblies of spheres with ideal necked bonds.
6.3 Summary
Several methods were developed to manufacture assemblies of hollow spheres, each having its
benefits and drawbacks. Small ideally-bonded samples can be produced by placing measured
amounts of bond material between each of the sphere contact points. Two samples were
manufactured this way and tested. However, this method is only practical to produce assemblies
no larger than 4 x 4 x 4 spheres. As an alternative, spheres can be dipped into a braze slurry and
then assembled into a structure. This liquid slurry then forms necked bonds at the sphere contact
points. It was further shown that the braze alloy strength can be modified through heat treatment
to match the strength of the hollow spherical shell. Although this system was not fully evaluated,
it appears that it is an effective method to produce large assemblies of spheres with ideal necked
bonds. Further development of these manufacturing techniques was limited by time and
budgetary constraints on this project.
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6.5 Tables
Table 6.1 Materials used and their suppliers.
Material Supplier
Solid Aluminum Balls Abbott Ball Company
West Hartford, CT
(860) 236-5901
www.abbottball.com
Al-Braze 1070 Aluminum Braze Powder J.W. Harris Co., Inc.
(800) 733-4533
www.iwharris.com
Benzyl Alcohol Alfa Aesar
Citric Acid (800) 343-0660
Ethanol www.alfa.com
4-hydroxy-4-methyl-2-pentanone (Rose Oil)
Kapp Amber Flux Kapp Alloy and Wire, Inc.
(814) 676-0613
www.kappalloy.com
Hollow Aluminum Spheres Kaydon Industrial Techtonics, Inc.
Dexter, MI
(800) 482-2255
www.kaydon.com/iti
A1718 Braze Sheet Lucas-Milhaupt
A1718 Braze Wire (800) 558-3856
Handy Dispensible Flux www.lucas-milhaupt.com
Metal Powder (Al, Brass, Bronze, Cd, Cu, Micron RMetals, Inc.
Pb, Si, Sn, Zn) Bergenfield, NJ
(800) 486-2436
www.micronmetals.com
Al-Si Braze Paste Prince & Izant Company
Al-Zn Braze Paste Cleveland, OH
(800) 634-0437
www.princeizant.com
Darvan-7 R.T. Vanderbilt Company, Inc.
Norwalk, CT
(800) 243-6064
www.rtvanderbilt.com
Ethocel The Dow Chemical Company
Methocel www.dow.com
Turbobraze Aluminum Flux Turbobraze, Inc.
(800) 526-4932
www.turbobraze.com
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Table 6.2 Solvents used to make braze paste.
Solvent Comments
ethanol vapor pressure too high
toluene environmental concerns
4-hydroxy-4methyl-2pentanone vapor pressure too low
2-Phenylethanol environmental concerns, incomplete
dissolution
Benzyl alcohol appropriate dissolution and vapor pressure;
low environmental risk
Table 6.3 Slurry composition as described in [Cochran, 1987; Cochran, 1989].
Ingredient Purpose Weight %
metal powder (aluminum) sintered to form final bond 98.6
Ethocel binder 0.7
Darvan-7 dispersing agent 0.5
citric acid dispersing agent 0.2'
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6.6 Figures
Figure 6.1 Picture of holder used to assemble cubic packed hollow spheres with a 3 x 3 x 3
array assembled
Figure 6.2 Illustration of stacking technique. A layer of spheres is placed down, followed by
braze sheet, and so on.
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Figure 6.3 SC assemblies of up to 6 6 x 6 spheres were created usin g 1/4 inch balls.
Figure 6.4 Illuslration showinr the piaiccnemnt f a shect olf bratc malterlial between two sphercs.
When the braze melts, it llows into the colntatct point and orms a neckdcc bond.
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/Figure 6.5 Picture of bonded 3/4 inch hollow spheres. The bonds on the left are about 15° (29
mg AL718 braze) and the bonds on the right are about 28° (95 mg AL718 braze).
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Picture of bonded spheres with cutout unit cell.
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Figure 6.6
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Figure 6.7 Experimental compression tests on bonded 0.75 inch diameter hollow spheres with
(a) 29mg bonds (corresponding to a bond angle of 150) and (b) 95mg bonds (corresponding to a
bond angle of 28°).
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Figure 6.8 Illustration of a braze ring placed between two spheres.
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Figure 6.9 Vickers hardness values (25g load) with standard deviation indicated for (a) -325
mesh bronze in -325 mesh tin, (b) -325 mesh copper in--325 mesh tin, and (c) 1-5 micron
copper flake in -325 mesh tin. The hardness was measured on ten separate indents in each
sample and the graphs above show the average values and their standard deviation. The 1100
aluminum hollow spheres had a Vickers hardness value of 30 after 15 minutes at 630°C.
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Figure 6.10 Copper-Tin phase diagram [Massalski, 1990].
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7.0 EVALUATION OF IMPERFECTIONS IN
HOLLOW-SPHERE FOAMS AND COMPARISON
WITH LOW-DENSITY STRUCTURES
In practice, it may be difficult to manufacture hollow-sphere foams with the ideal SC, BCC, or
FCC packing described in Chapters 4 and 5. The sphere arrangement will most likely be
random. Other deviations from the ideal structure can include variations in shell thickness, bond
size, and individual sphere size within a sample. The analysis of the previous chapters will be
used to estimate the mechanical behavior of a hollow-sphere foam with a variety of defects.
Finally, the overall mechanical behavior of hollow-sphere foams will be compared to other
commercially available low-density metal structures.
7.1 Random Sphere Packing
First, it is necessary to determine if it is possible to use the ideal packings modeled in Chapters 4
and 5 to construct a model for random-packed spheres. Using information gathered from the SC,
BCC, and FCC periodic arrangements, the most difficult challenge is estimating the mechanical
behavior of a random arrangement of spheres. The best way appears to be to use the lowest
properties measured for each packing configuration because the properties were assessed along
three different crystallographic directions: (100), (110), and (111).
Smith and colleagues conducted experiments on the random packing of monosized spheres,
using up to 2400 lead shot balls [Smith et. al., 1929]. The experimental results suggest that it is
possible to statistically treat the actual packing as an arrangement in separate close-packed and
simple cubic arrays in proportion to yield the required total packing fraction. Let x be the
fraction of the total volume of spheres packed in a FCC array and 1- x the volume of spheres
packed in a simple cubic array. Then
PFTotal = PFFCC(x) + PFsc (1- x) = 0.74(x) + 0.5236(1- x) (Eqn. 7.1)
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PFTOIta - 0.5236
x = 0.2164 (Eqn. 7.2)
Furthermore, the number of contacts per sphere was measured for several different packing
fractions, allowing the average number of contacts per sphere to be calculated. The average
number of contacts per sphere as a function of packing fraction is plotted in Figure 7.1 with data
from [Smith et. al., 1927] and [Bernal and Mason, 1960] for random packings. The points
corresponding to the ideal SC (PF = 0.5236, CN = 6), BCC (PF = 0.68, CN = 8), and FCC (PF =
0.74, CN = 12) packings are also included. A line was fit through the [Smith et. al., 1927] and
[Bernal and Mason, 1960] data using MacCurveFit and, remarkably, it nearly intersects with the
SC and FCC data points. This indicates that random packings can be linearly interpolated
between SC and FCC packing. The data point for BCC packing seems to be an exception; this
arrangement has a very high packing fraction for a sphere coordination number of 8.
Figures 7.2 and 7.3 show how the uniaxial mechanical properties vary with packing
configuration. Table 7.1 summarizes the relative Young's modulus and relative strength in each
primary crystallographic direction for SC, BCC, and FCC packings. In Figure 7.2, the relative
modulus in each of the primary crystallographic directions ((100), (110), and (111)) is plotted as
a function of both the coordination number and the packing fraction of each packing type. The
lowest relative modulus of the (100), (110), and (111) directions for each packing type appears
to scale linearly with coordination number: for SC packing, the lowest modulus occurs in the
(100) direction; for BCC packing, the lowest modulus occurs in the (111) direction; for FCC
packing, the lowest modulus occurs in the (111) direction. Figure 7.3 shows the relative strength
in each of the primary crystallographic directions, (100), (110), and (111), plotted as a function
of both the coordination number and the packing fraction for each packing type. As observed for
the relative modulus, the lowest relative strength of the (100), (110), and (111) directions scales
linearly with the sphere coordination number. For all three packings, the lowest relative strength
occurs in the (110) direction. Figures 7.2 and 7.3 indicate that the lowest Young's modulus and
the lowest strength (occurring in the (110) direction) scales with the sphere coordination number
(the properties in the other directions do not). This suggests that it should be possible to estimate
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the Young's modulus and strength of any intermediate sphere coordination number by
interpolating between the known values for SC, BCC, and FCC packing.
As mentioned previously, the mechanical properties for random packing will be extrapolated
from SC and FCC packing, using the lowest values of modulus and strength observed for each
packing. In Chapter 5, it was determined that the ratio of mechanical properties in the (1. 10) and
(111) directions to the (100) direction remained relatively constant across all the geometric
variations in t/R and bond angle 0 (this is shown again in Table 7.2). For SC packing, the
lowest modulus occurs in the (100) direction. From Table 5.5 in Chapter 5,
Esc(1.°) = 0.65 3 (Eqn. 7.3)
Es PS0.6
The relative Young's modulus for FCC packing is lowest in the (111) direction (Figure 7.2). In
the (100) direction (from Table 5.5),
* 1. 13 00) (*\ 1.33*
ECC00 =0.72 ,- > 0.06 and Ec(10°) = 1 .2 5 P < 0.06 (Eqn. 7.4)
~-';·9E s ' Os E Ps
According to Table 7.2 the modulus is 5% lower in the (111) direction (or 0.95 the value in the
(100) direction). Thus,
*F(7C(III) , 1.13 , 1.33,
ECC()ll =0 68P* .P 20.06 and EFCC(I) .1 l(P1J , P <0.06 (Eqn. 7.5)
Under the assumption that the interpolation between the two packings is linear with respect to
the coordination number, the relative Young's modulus of a random packing as a function of
sphere coordination number based on simple linear algebra (evaluation of slope and y-intercept)
is:
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ERandom
Es
(Eqn. 7.6)
This can be rearranged to give
ERandom 
Es
E E 5EFCC(111) CN
ES - 6
-1+[
Esc(1oo)
Es
2- CN)6 (Eqn. 7.7)
This equation can be evaluated for a coordination number of 8, corresponding to the BCC
packing, for which the Young's modulus is known. Again, the modulus will be evaluated at the
lowest value for BCC packing, which occurs in the (111) direction (Figure 7.2). From Table 5.5
in Chapter 5,
*096E1.25 *
-=0.96 1) ],P 0.1 and BCC(100)
E,
For BCC packing, the modulus in the (111) direction is 0.6 the value in the (100) direction
(Table 7.2). Thus,
EBCC( I 1)
Es
/ * 1.25 *
PSPss
E*
EBC(II1)and
Es
* 1.67 *
=1.57 1P <0.1
Ps
At a relative density of 0.1 and CN = 8, ERandom /E = 0.036 is within 10% of
EBCC(I 1) /Es =0.033.
Repeating this analysis for relative strength, Figure 7.3 shows that the strength is lowest in the
(110) direction for each packing. From Table 5.5,
266
EBCC(100) P1.67 *= 2.6 1 ,P <0.l
Ps
(Eqn. 7.8)
(Eqn. 7.9)
j
E E ESC(100 r Eccl)FCCI I1) C(10)x C + xCC11
Es Es, 6 - Es Es
= 0 1.36
-- 0.65P
) * 1.30C FCC(l°°) =1 P
As indicated in Table 7.2, the strength of SC packing decreases 10% in the (].10) direction and
the strength of FCC packing decreases 20% in the (110) direction. Thus,
;C*(1) 01.36
, SC(ll0) = 0.5 
ays PS
and
aOFCC(I 10)
oys
1.30
0.8 '
As5
(Eqn. 7.12)
(Eqn. 7.13)
Similar to Eqn. 7.7, the relative strength of a random packing of spheres as a function of
coordination number can be estimated as
C. Random CC I O) CN 
UaYS Ir 6
.sc( 10) (
c'ys
This equation can be compared against the result for BCC packing. From Table 5.5 in Chapter 5,
the relative strength of BCC packing in the (100) direction is
o* * 1.35
0 BCC(100) - 0.8 P
lys Ps)
The relative strength of BCC packing is 10% lower in the (110) direction compared to the (100)
direction so that
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(Eqn. 7.15)
and
aSC(100)
o'ys
(Eqn. 7.10)
(Eqn. 7.11)
(Eqn. 7.14)
* (*X 1.35
C'BCC(l ) = 0 7 (Eqn. 7.16)
Evaluating Eqns. 7.14 and 7.16 at a relative density of 0.1 and CN = 8, *Random/ys = 0.031 is
within 10% of BCC(llo)/y s = 0.033.
The modulus and strength can now be evaluated as a function of coordination number for any
random packing (Eqns 7.7 and 7.14). It may be difficult to quantify the average coordination
number for spheres in a random packed arrangement without physically counting the bonds on
each sphere [Bernal and Mason, 1960; Smith et. al., 1927]. However, as shown in Figure 7.1,
the coordination number can be estimated from the sphere packing fraction. Generally, the
maximum packing fraction that can be obtained for a random packing of monosized spheres is
approximately 0.64 [Torquato et. al., 2000]. This value is sometimes referred to as random close
packing [Jaeger and Nagel, 1992] or maximally random jammed [Torquato et. al., 2000]. Bernal
observed that the average coordination number of spheres packed in this state is approximately
8.5, while Smith observed average coordination numbers of 9.0 and 9.5 [Bernal and Mason,
1960; Smith et. al., 1927]. For more loosely packed random configurations, the coordination
number has been observed as low as 6.9 [Hurysz et. al., 1998; Smith et. al., 1927]. A
While the average coordination number might provide a good description of the Young's
modulus, it might not adequately describe the strength of the random structure. Some spheres
have a lower coordination number and thus might dominate the mechanical behavior. It was
mentioned in Chapter 2 that strength was controlled by the weakest cell walls. From [Bernal and
Mason, 1960], about 10% of the spheres had a coordination number of six or less, while from
[Smith et. al., 1927], about 6% of the spheres had a coordination number of six or less. Further,
Bernal concluded that the most probable average of sphere contacts would seem to be six, "as
each sphere may be considered in general to rest on three others and in turn to support another
three." Thus, Eqn. 7.12 might provide a good description of the strength of random packed
hollow spheres. This entire analysis just provides an estimate of the possible behavior of random
268
packed spheres. The best way to evaluate the response would be to construct finite element
models of random packings of spheres, although this would require tremendous computation
resources.
7.2 Different Bond Types
The models created in Chapters 4 and 5 assumed that the spheres were bonded using extra
material to form necks between the spheres. In practice, this might not always be the case. The
hollow spheres might instead undergo a sintering process with a possible idealized bond
geometry shown in Figure 7.4. Assuming that the mechanical behavior of the sphere depends
only on bond size, rb for a given value of t/R and a given packing, then the mechanical behavior
of bonded spheres with the geometry shown in Figure 7.4b could be related to the geometry
modeled in Chapters 4 and 5. The bond radius is related to the bond angle in Figure 7.4a by:
rb = tan 0 +cos- 1
R cosO
(Eqn. 7.17)
In Figure 7.4b, the bond radius is related to 00 by:
rb= Rsin0o or 00 = sin -l (Eqn. 7.18)
From this relationship, all the results that describe the mechanical properties of a sphere in terms
of 0 (from Chapters 4 and 5) can be converted to a description in terms of -0. In Chapter 4, the
total relative density of a sphere assembly bonded as shown in Figure 7.4a is
P =(* + * P
P., PPs spheres Ps bonds
-PF[ X t)2 (·c'- ()3]3CN V 
(Eqn. 7.19)
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where the shell relative thickness and packing fraction are used to calculate the relative density
contribution of the material in the spheres and coordination number, bond volume, and unit cell
volume are used to calculate the relative density contribution of the material in the spheres. In
Figure 7.4b there is no extra bond material. However, the shrinkage associated with the
formation of the contact area must be considered. As the contact areas grow, the centers of the
spheres will approach each other. Assuming the size of the spheres do not change during
sintering, the initial center-to-center distance is 2R and is reduced to 2RcosO by sintering
[Green and Hoagland, 1985]. The final relative density is therefore
o3 ( ) j X PF x i)-+ (Eqn. 7.20)
P, Cos R R cps -S )o s-----o spheres - c $s3 L X P x
From Chapter 4, a SC packed hollow-sphere foam with a shell relative thickness of 0.03 has an
optimum bond angle of 0 = 30°. Recalling the relative strength in uniaxial tension for SC
packed spheres is:
C~lt=* {44-te~io~R [-3.61x10-'(O)+1.13]
1 = [0.018(0) + 0.015 RJ (Eqn. 7.21)
For a shell relative thickness of 0.03 and a bond angle of 0 = 30° this gives a relative strength of
0.015. The relative density of SC packed spheres with 300 necked bonds is 0.069 and the bond
material itself accounts for 0.022 of the total relative density. Using Eqns. 7.17 and 7.18, rb/R =
0.423 and $o = 25.0°. From Equation 7.20, the relative density of SC packed spheres that have
been sintered is 0.061. The sintered spheres are 12% lighter than necked bonded spheres of the
same relative strength. In this case, it might be possible to achieve the same relative strength and
a lower relative density by sintering the spheres instead of using extra bond material in the neck.
Repeating this calculation for a SC packed hollow-sphere foam with a shell relative thickness of
0.1 and an optimum bond angle of 0= 40°, the relative strength is 0.076, the relative density
with necked bonds is 0.205, and the relative density of sintered spheres is 0.235. In this case, the
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sintered spheres are nearly 15% heavier compared to spheres with necked bonds for the same
relative strength.
It bears repeating that this is a very rough analysis that assumes the mechanical properties are
dependent on only the size of the bond between spheres, rb, neglecting any second order effects
related to the different bond geometries. Although the total relative density difference between
the two bonding methods is small, this analysis seems to indicate that it might be possible to
further optimize the bonding geometry between spheres in a hollow-sphere foam. This analysis
suggests that hollow spheres should be sintered at low relative densities and bonded with a neck
as described in Chapters 4 and 5 for higher relative densities. In the case of simple cubic
packing, this critical relative density occurs around 10% (with a corresponding t/R = 0.05 and 0
= 33°). Also, other bonding methods can sometimes produce additional geometric features that
need to be taken into account. For example, when pressure is applied to aid sphere bonding, the
contact region between spheres becomes concave (Figure 4. lb in Chapter 4). To fully determine
the effect of sintering geometry on the mechanical behavior, it is necessary evaluate finite
element models as done in Chapters 4 and 5.
7.3 Variation in Bond Size and Shell Relative Thickness
Just as it might be difficult to manufacture ideally packed hollow-sphere foams, it might also be
difficult to obtain structures comprised of both uniform shell relative thicknesses and uniform
bond sizes. Assuming that these variations are quantified for a given sample of hollow-sphere
foam, the effects on the overall mechanical properties can be estimated using statistical analysis
techniques. For example, the S compliance constant for BCC packed hollow sphere foam is
given in Chapter 5 and is repeated here:
E~=[-2.99x 2() + ( fr[1 24X 0-2(0) 12() 3].89 SI E =-2.99 x - +.89 R for BCC packing (Eqn. 7.22)
s,,r,= I-29x10~1(8)i 8R )~[ 12 4x 1 0 ( )- 1 3 5]
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If the variation in shell relative thickness is characterized, the upper or lower bound estimate on
the compliance constant, based on constant stress or constant strain arguments, can be evaluated
using standard techniques [Jones, 1975]. If both the shell thickness and bond size varied, the
upper and lower bound can be calculated in the same way. As a simplification, let S represent
the compliance constant Eqn. 7.22, let the variable T represent tR, and let the variable B
represent the bond angle, 0. Then,
S(T,B) = SllE s = [-2.99 x 10-2(B) + 1.89](T)[1' 24x10(B)-1.35] (Eqn. 7.23)
Assuming a discretely quantified distribution in both variables, let x represent the total number of
shell relative thicknesses measured, each with the value T/ and number fraction Ni, and let y
represent the total number of bond sizes measured, each with the value Bj and number fraction
N j. Then, the upper bound compliance constant is
Supper = S(Ti,B)x NiNj (Eqn. 7.24)
i=l..xj=l..y
and the lower bound is
1
Slower = NiNj (Eqn. 7.25)
i=I..x,j= l..y S(TiBj)
Equations 7.24 and 7.25 can be generically applied to any of the elastic moduli (S11 or S44)
characterized in Chapters 4 and 5 for hollow-sphere foams. It is more difficult to determine the
effect of variations on the strength of a hollow-sphere foam. The strength may be controlled by
the extreme values, rather than the averages [Evans et. al., 1997; Prakash et. al., 1995; Simone
and Gibson, 1998]. In Chapter 2, the 95" percentile of defects was used to estimate the strength
reduction from cell wall defects [Andrews et. al., 1999]. The same type of analysis could be
conducted by calculating the strength from some fraction,f, of smallest shell relative thickness
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and bond size. It might also be possible to account for variable sphere sizes in a random packing
using the analysis detailed above. The shell relative thickness would be measured for each
sphere, and each bond would provide two values of relative bond size. This is illustrated for two
spheres of different size in Figure 7.5. The shell relative thickness is tA IRA for sphere A and
tB/RB for sphere B. Although the bond size, rbond, is uniform between spheres, the relative
bond size on each sphere is A (or rbndl/RA ) on sphere A and OB (or rbond/RB ) on sphere B.
7.4 Comparison with Experimental Data
There is a small amount of published data on the mechanical behavior of hollow-sphere foams.
Although some of the published literature contains information on the general sizes and shell
thickness of the spheres, none of the literature contains an assessment of the bond size between
spheres in more than a qualitative manner.
Figure 7.6 shows the relative Young's modulus plotted versus the relative density for hollow-
sphere foams. The theoretical behavior for open- and closed-cell foams is obtained from Table
5.5 in Chapter 5, and the theoretical behavior of optimally bonded random-packed hollow-sphere
foams is described by Eqn. 7.7 with a coordination number of 8. In the 1100 aluminum (reported
in Chapter 6) the spheres were bonded using additional material to form necks between spheres.
In the 316L stainless steel [Anderson et. al., 2000] foams, the spheres were compressed after
assembly and then sintered to form large bond regions. In the Nickel foam [Clancy et. al., 1991],
the spheres were sufficiently sintered to form large bonds. In the Nickel 625 foam [Sypeck et.
al., 1998] the spheres were sintered and the bond regions seemed small compared to the shell
relative thickness. Data is also included for glass spheres [Green and Hoagland, 1985] and
mullite spheres [Baxter et. al., 1997]. The relative Young's modulus for aluminum foams (from
Chapter 2) is also shown. In the nickel foam [Clancy et. al., 1991], the modulus was measured
as the initial linear portion of the curve. In all other metallic hollow sphere foams, the relative
Young's modulus was determined from the unloading portion of the curve. The values for solid
Young's modulus are listed in Table 7.3.
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Clearly, the metallic hollow sphere foams seem to perform worse than closed-cell aluminum
foams. The reason for this degraded response is unknown. As a possible explanation, this
shortfall could occur because the modulus is sensitive to bond size. The data for mullite hollow-
sphere foams indicates that it is possible to achieve predicted relative modulus values. The data
on the glass spheres further illustrates the importance of sphere bonding. All the glass foams
were created using the same batch of hollow glass spheres, but they were sintered for different
lengths of time and at different temperatures. The lowest relative density glass foams were
sintered for the shortest period of time and at the lowest temperature. The density of the hollow
sphere foam increases by lengthening the sintering time and increasing the sintering temperature.
Thus, spheres that are sintered longer have an improved relative modulus. Observing
micrographs of these spheres in [Green and Hoagland, 1985], the low relative density hollow-
sphere foams have only point contacts. The higher relative density foams have much larger
bonds and even look similar to closed-cell foams. Based on the high relative Young's modulus
of the ceramic-based hollow-sphere foams, it may be possible to improve the relative Young's
modulus of the metallic hollow-sphere foams by optimizing the sphere bonds. Calculations on
different sphere packing geometries by both Grenestedt and Budiansky [Grenestedt, 1999] reveal
that the bulk modulus scales with bond size. For the case of vanishing relative density and finite
area contact:
K* c )(rb) (Eqn. 7.26)
Assuming that rb/t (Figure 7.4b) is independent of density, then the bulk modulus may be
written:
K* (0 3 ( 2rb (Eqn. 7.27)
as shown in [Grenestedt, 1999]. In both of these cases, the bulk modulus increases with the
square of the bond size. Clearly, it is important to optimize the bond size in hollow-sphere
foams to maximize performance.
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Figure 7.7 shows the relative strength versus relative density for hollow-sphere foams that have
been published in the literature. The theoretical behavior for open- and closed-cell foams (Table
5.5) is shown along with the theoretical behavior the relative strength of optimally bonded
random-packed hollow-sphere foams (from Eqn. 7.12). In the 1100 aluminum (reported in
Chapter 6) and 405 stainless steel [Hurysz et. al., 1998] foams, the spheres were bonded using
additional material to form necks between spheres. In the 316L stainless steel [Anderson et. al.,
2000] foams, the spheres were compressed after assembly and then sintered to form large bond
regions. In the Nickel foam [Clancy et. al., 1991], the spheres were sufficiently sintered to form
large bonds. In the 31% dense Nickel 625 and 26% denseTi-6A1-4V foams [Sypeck et. al.,
1998] it was observed that the contact regions between spheres were very small, and therefore
weakly bonded. In the 36% dense Ni 325 foam, the spheres had slightly larger bonded regions,
although they seemed small compared to the shell relative thickness. The values for solid yield
strength are listed in Table 7.3.
With the exception of the Sypeck data, the data for the metallic foams lies close to Eqn. 7.12.
The foams made by Sypeck et. al. (1998) were bonded by sintering; the sphere bonds were not
optimized. The data of Clancy lies slightly above the line representing Eqn. 7.12. In summary,
the results indicate that foams with larger bonds between the spheres perform better than those
with smaller bonds. Data on the strength of Alporas and Alulight aluminum foams has also been
included (discussed in Chapter 2). The relative strength of hollow-sphere foams compares
favorably to closed-cell aluminum foams. Although the line for hollow-sphere foams (Eqn.
7.12) indicates that it is possible to marginally improve the performance of the experimental data
shown, the real potential of hollow-sphere foams exists below a relative density of 8%. While
the strength of closed-cell aluminum foams drops off dramatically, it may be possible to
manufacture hollow-sphere foams that behave according to Eqn. 7. 12.
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7.5 Comparison of Low-Density Structures
Throughout much of this thesis, comparisons have been made between hollow-sphere foams and
stochastic open- and closed-cell foams. Although there is little experimental data on the
behavior of hollow sphere foams, there is enough to reasonably conclude that the models
developed throughout this work describe the behavior of random close-packed hollow spheres
with relatively large bonds between the spheres, at least above a relative density of 8% (Figures
7.6 and 7.7). In Figure 7.6 the relative Young's modulus of metallic hollow-sphere foams is
about one order of magnitude below that predicted by the theoretical model. However, the
relative Young's modulus of the ceramic-based glass and mullite hollow-sphere foams behaves
as predicted by the theoretical model. The only known structural difference between the ceramic
and the metal hollow-sphere foams is qualitatively based: the ceramic foams have much larger
bonds between spheres than the metal foams. Theoretically, the performance of metallic hollow-
sphere foams could be improved to match the performance of the ceramic hollow-sphere foams
by optimizing the bonds between spheres. The strengths of metallic hollow sphere foams lie
between the theoretical predictions for hollow-sphere foams and open-cell foams; increasing the
bond size should increase the strength to values close to the theoretical values presented in this
thesis.
In Chapters 4 and 5, it was shown that hollow-sphere foams have the potential to perform up to
three times better than existing closed-cell foams at a relative density of 10% and ten times better
below a relative density of 5%. However, it would be useful to know how the properties
compare to other types of low-density structures. Figures 7.8, 7.9, and 7.10 show the relative
strength, relative Young's modulus, and relative shear modulus versus relative density,
respectively, for different types of low-density structures. The lines for hollow sphere foams
represent the Young's rnoduli and the strength in the (100) direction (1-direction), and the shear
modulus for loading the cubic models in the (100) orientation (1,2-plane). The relative strength
and relative Young's modulus'of open- and closed-cell foams is described in previous chapters.
The shear modulus of metal foams behaves according to the open-cell description [Gibson and
Ashby, 1997]. The behavior of SC and FCC hollow-sphere foams is given in Table 5.5. In
Figure 7.10, the shear modulus for a BCC hollow-sphere foam was used (Table 5.5). The FCC
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hollow-sphere foam generally represents the best performance of optimally bonded hollow
spheres that was measured in this work and SC hollow-sphere foam generally represents the
worst performance of optimally bonded hollow spheres (except for shear modulus is noted
above) that was measured in this work.
The behavior of other low-density materials, including the octet-truss lattice [Deshpande and
Fleck, 2001; Desphande et. al., 2001a; Desphande et. al., 2001b;] and the Hashin-Shtrikman
upper bound for an isotropic porous material [Desphande et. al., 2001a; Hashin and Shtrikman,
1963], is also shown in Figures 7.8, 7.9, and 7.10 Although not isotropic, the behavior of regular
honeycomb [Gibson and Ashby, 1997] is also considered because it is a commonly used low-
density engineering material.
A variety of lattice-type materials have been studied in the recent literature including lattice
block material [Wallach and Gibson 2001; Despande et. al. 2001b], the octet-truss lattice [Fuller,
1961], and most recently, the Kagom6-truss lattice [Hyun and Torquato, 2002]. The octet-truss
lattice was studied in depth by [Desphande et. al., 2001a] and will be considered here because it
is nearly an isotropic material. The equations for the behavior of the octet-truss lattice were
extracted from [Desphande et. al., 2001a] and are shown below:
* f* ,'0.975
zz 0. (Eqn. 7.28)
* (' 0.975
E33 0.18 (Eqn. 7.29)
E =0.08(P (Eqn. 7.30)
In terms of relative strength versus relative density (Figure 7.8), hollow-sphere foams have a
higher slope than the octet truss such that there is some value of relative density where one
performs better than the other. The octet-truss lattice will perform better than SC hollow-sphere
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foams below a relative density of 10% However, at relative densities greater than 2%, FCC
hollow-sphere foams will perform better than the octet truss. At a relative density of 20%, the
FCC hollow-sphere foam is twice as strong as the octet truss, whereas at a relative density of 1%,
the octet truss is roughly three times as strong as the SC hollow-sphere foam. In terms of
relative Young's modulus versus relative density (Figure 7.9), hollow-sphere foams generally
perform better than the octet truss. At a relative density of 20%, SC hollow-sphere foam is about
two times better and FCC hollow-sphere foam is roughly three times better than the octet truss.
In Figure 7.10, the shear modulus of BCC hollow-sphere foam is equivalent to the shear modulus
of the octet truss. The shear modulus of FCC hollow-sphere foam is about twice that of the octet
truss.
The Hashin-Shtrikman (H-S) upper bound on the relative strength, relative Young's modulus,
and relative shear modulus is shown in Figures 7.8, 7.9, and 7.10 and the equations are given by
[Deshpande et. al., 2001a; Hashin and Shtrikman, 1963]:
-~y 0.7(P )(Eqn. 7.31)
Uys Ps
. .3
E = o.5( (Eqn. 732)
Eu 03 375ae (Eqn. 7.33)
Equations 7.32 and 7.33 have been evaluated for a Poisson's ratio of 0.3 for the solid material.
The relative strength of hollow-sphere foams is roughly 15% to 40% of the theoretical H-S upper
bound. However, the relative modulus of hollow-sphere foams compares more favorably to the
H-S upper bound. Above 5% relative density, the FCC hollow-sphre foam has a slightly higher
modulus than a H-S material. This occurs because the FCC hollow-sphere structure is not
perfectly isotropic; the equation describes the modulus of FCC packing in the (100) direction.
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which is marginally better than other directions. The shear modulus of the H-S bound is two to
six times better than that of hollow-sphere foams (Figure 7.10).
Finally, the performance of honeycomb (both in-plane and out-of-plane) is shown in Figures 7.8,
7.9, and 7.10. For both the relative modulus and relative strength, the out-of-plane properties are
directly proportional to the relative density. These represent an absolute upper bound for the
performance of any material. An exception to this upper bound occurs in the case of out-of-
plane relative strength in uniaxial compression because the honeycomb can undergo plastic
buckling. Using Wierzbicki's method [Gibson and Ashby, 1997], the stress for collapse for
plastic buckling is given as
(')3 =- (Eqn. 7.34)
Honeycomb is an extremely anisotropic material and the properties degrade rapidly when the
load is not aligned with the out-of-plane axis. A full description of the behavior of honeycomb is
given in [Gibson and Ashby, 1997]. For a regular honeycomb, the in-plane relative strength is
isotropic and is given as
(Eqn. 7.35)Oys 1) 
crys 3 1)
and the in-plane relative Young's modulus (also isotropic) is given as
(Eqn. 7.36)Ea = 2. 
Es I
The in-plane and out-of-plane shear modulus is
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G2=0.57() = 1 El (in-plane) (Eqn. 7.37)
G13 = 0.577f (out-of-plane)- (Eqn. 7.38)'
Es
The relative density for hexagonal cells is related to the strut length, 1, and thickness, t, by
p,' )(Eqn. 7.39)
As seen in Figure 7.8, between a density of 1% and 3%, the relative strength of FCC hollow-
sphere foams is equivalent to the out-of-plane properties of honeycombs when considering
plastic buckling in compression. The in-plane strength is roughly one or two orders of
magnitude worse than hollow sphere foams. In Figure 7.9, the relative Young's modulus of
hollow-sphere foams is between the in-plane and out-of-plane honeycomb properties. This same
behavior is seen for the relative shear modulus (Figure 7.10). Although the out-of-plane
properties of a honeycomb are better than hollow-sphere foams, the in-plane properties are much
worse. Therefore, hollow-sphere foams may be a beneficial low-density material compared to
honeycombs because they are roughly isotropic.
In summary, the theoretical performance of hollow-sphare foams is roughly similar to that of the
octet-truss structure. Because the overall properties of these two materials are similar, hollow-
sphere foams might be a good substitute for the octet truss in applications where partial closed
porosity is desirable. Compared to hollow-sphere foams, the properties of honeycomb in the out-
of-plane direction are significantly better, but the properties of honeycomb in the in-plane
direction are significantly worse. Hollow-sphere foams might be a good substitute for
honeycomb when isotropic mechanical properties are desired. The use of hollow-sphere foams
will be dictated by the trade-off between cost and performance for a given application.
Compared to existing engineering materials on a structural basis, hollow-sphere foams offer a
beneficial alternative to existing low-density metallic materials.
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7.7 Tables
Table 7.1 Mechanical properties for t / R = 0.1013 and 0= 300 with relative density indicated
for each packing. The first number (before the slash) in each cell is the relative Young's
modulus. The number after the slash is the relative strength.
Table 7.2 From Chapter 5, the ratio of mechanical properties in each direction compared
to the (100) direction for t / R = 0. 1013 and 0= 30° . The first number (before the slash)
in each cell is the ratio of the relative Young's modulus. The number after the slash is the
ratio of the relative strength. The variations in each direction remain fairly constant
across all geometric variations for optimized bond sizes.
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Direction SC BCC FCC
P*/p, = 0.17 p*/p, = 0.20 p*p = 0.21
(100) 0.036 / 0.052 0.101 / 0.096 0.127 / 0.138
(110) 0.050 / 0.049 0.066 / 0.077 0.123 / 0.112
(111) 0.057 / 0.061 0.061 /- 0.121 /0.134
Direction SC BCC FCC
p*/p, =0. 17 p/p, = 0.20 p*/p, =0.21
(100) 1.00 / 1.00 1.00/ 1.00 1.00/ 1.00
(110) 1.40 / 0.90 0.65 / 0.80 0.97 / 0.80
(111) 1.60 / 1.20 0.60/ - 0.95 / 0.97
Table 7.3 Solid material properties for the hollow-sphere foams shown in Figures 7.6 and 7.7.
Values are obtained from their respective sources unless followed by an asterisk (*).
Author Material Es (GPa) oys, (MPa)
Anderson (2000) 316L Stainless Steel 140 200
Baxter (1998) Mullite 207
Clancy (1991) Nickel 207* 59*
Green (1985) Glass 55
Hurysz (1998) 405 Stainless Steel - 276
Sanders (2002) 1100 Aluminum 70* 30*
Sypeck (1998) Nickel 625 207* 319*
Sypeck (1998) Ti-6A1-4V -790*
* Values obtained from www.matweb.com.
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Figure 7.1 Average coordination number as a function of packing fraction. The filled circles
represent SC, BCC, and FCC sphere packings. Data for random packings obtained from [Smith
et. al., 1929; Bernal and Mason, 1960]. The line is a linear regression fit to the data from random
packings that nearly intersects with the SC and FCC data points.
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Figure 7.2 Relative modulus versus (a) coordination number and (b) packing fraction in
different crystallographic directions. Aline has been added between the lowest values of
modulus for SC packing and FCC pacling. The lowest modulus for BCC packing seems to scale
linearly with coordination number and not with packing fraction.
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Figure 7.4 Illustration of two types of bonding between spheres. The sphere outer radius, R,
shell thickness, t, and bond radius, rb, are identical in (a) and (b). In (a), extra material forms a
neck between spheres, as described in Chapters 4 and 5. The bond angle, 0, is measured between
the axis of symmetry of the bond and where the bond wets the sphere. The relationship between
0 and rb are described in the text. In (b), the spheres have been sintered with an ideal geometry
as shown [Green and Hoagland, 1985]. The bond angle 0, is measured between the axis of
symmetry of the bond and the edge of the contact region. For a given rb, 0 will always be larger
than 0 0.
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Figure 7.5 Spheres of different sizes bonded in a hollow-sphere foam. The radius of the bond
is rb,d. Sphere A has a relative bond size of OA (or rbondI/RA ) and a shell relative thickness of
tA IRA and sphere B has a relative bond size of 08 (or rbond/RB ) and a shell relative thickness
of tB /R .
289
a,
-U
'Is
e
_5 10o-
._0
)
am 10-
[E
0.02 0.04 0.06 0.08 0.1 0.3
Relative Density, p*/p.
Figure 7.6. Relative Young's modulus versus relative density for hollow-sphere foams. The
short dashed and long dashed lines represent the equations for open-cell and closed-cell foams
from Table 5.5 in Chapter 5. The solid line represents the behavior for a random-packed hollow-
sphere foam using Equation 7.7 and a coordination number of 8.
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in Chapter 5. The solid line represents the lowest properties measured for optimally bonded
hollow-sphere foam using Equation 7.12. Data is also included on the strength of Alporas and
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8.0 CONCLUSIONS
This thesis was successful in advancing the understanding of hollow-sphere foams by developing
constitutive models to describe the mechanical behavior of this new class of materials. After
careful evaluation of these models and detailed analysis of hollow-sphere foams under various
loading conditions, bonding geometry, and other parameters, the theoretical mechanical
performance of hollow-sphere foams compares favorably with existing low-density engineering
materials. Therefore, hollow-sphere foams provide a beneficial alternative to existing low-
density metallic foams.
In Chapter 2, the curvature and corrugation in the cell walls of metallic foam samples was
measured and correlated to a reduction in modulus and compressive strength. Cell wall
curvature was found to reduce the modulus of aluminum foams between 28 to 52 percent and
reduce the strength between 46 to 60 percent. Cell wall corrugations reduced the mechanical
properties roughly by another 50 percent. Alporas foam had the lowest amount of curvature and
the best overall mechanical properties. The 3% and 6% relative density Cymat foams had the
greatest amount of modulus and strength reduction due to both cell wall curvature and
corrugation. If these defects can be reduced through improved processing techniques, there is
potential for substantial improvement in the mechanical properties of aluminum foams. Cell
wall curvature and corrugations account for most of the discrepancy between the theoretical and
measured mechanical properties of closed-cell metallic foams. The remainder is associated with
other types of defects such as elongated cells and broken cell walls.
In Chapter 3, finite element analysis using ABAQUS successfully determined the stress-strain
response of individual hollow spheres as a function of their relative thickness. This parametric
study reveals that the relative modulus of a sphere improves with increasing the amount of strain
and/or by decreasing the strain-hardening coefficient. The relative strength of a spherical shell
improves as it is compressed. In addition, increasing the strain-hardening coefficient and/or
decreasing the yield strength of the solid material can increase the shell strength. Compression
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experiments on single hemispherical shells and hollow spheres validated the finite element
model and the numerical equations.
In Chapter 4, it was shown that a simple cubic packed hollow-sphere foams offer the potential
for improved mechanical behavior over existing open- and closed-cell metallic foams. For
instance, at relative densities of 10%, hollow-sphere foams have mocim, and strength (in the I-
direction) that are two to three times those of existing metallic foams. The relative elastic
modulus shows large anisotropy, with the Young's modulus in the l'"-direction 1.61 times that in
the 1-direction. The uniaxial yield strength shows less anisotropy, but the tensile and
compressive strengths differ due to differences in the deformed geometry prior to yield. There is
an optimum bonding angle to maximize the mechanical properties for a given shell relative
thickness, t/R; the optimum bonding angle is nearly identical for Young's modulus, shear
modulus, uniaxial strength and shear strength. Finally, the yield envelope for an 8% dense
optimized hollow sphere foam is roughly double that of the yield envelope of Alporas foam at
the same density.
In Chapter 5, it was shown that more closely packed hollow-sphere foams offer further potential
for improved mechanical behavior over existing open- and closed-cell metallic foams and the
simple cubic hollow-sphere foams modeled in Chapter 4. For instance, at relative densities of
10%, FCC hollow-sphere foams have moduli and strength (in the 1-direction) that are at least
three times those of existing metallic foams and this increases to a factor of ten at relative
densities below 5%. In general, the FCC packing has superior properties to the BCC or SC
packing. The relative elastic modulus shows large anisotropy for BCC packing, with the
Young's modulus in the "-direction 0.6 times that in the 1-direction. The relative elastic
modulus of FCC packing is nearly isotropic. The uniaxial yield strength shows less anisotropy
than the elastic properties; the tensile and compressive strengths are identical. There is an
optimum bond angle to maximize the mechanical properties for a given shell relative thickness,
t/R. Finally, the triaxial yield surface for 8% dense optimized FCC hollow-sphere foam is
roughly triple that of Alporas foam at the same density.
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Chapter 6 presents a description of several methods that were developed in-house to manufacture
assemblies of hollow spheres. Each of these methods is evaluated based on its benefits and
drawbacks. In one method, individual hollow spheres are assembled and precisely measured
amounts of bond material are placed between each sphere. This produces the ideally bonded
samples modeled in Chapters 4 and 5. However, this is not a practical method to produce
assemblies much larger than 4 x 4 x 4 spheres. An alternative method that allows the spheres to
be dipped into a braze slurry and then assembled into a structure was developed. This liquid
slurry then forms necked bonds at the sphere contact points. It was further shown that the braze
alloy strength can be modified through heat treatment to match the strength of the hollow
spherical shell. Although test samples could not be produced within the time and budgetary
constraints of this project, several promising manufacturing techniques were developed.
In Chapter 7, it is shown that it may be possible to scale the mechanical behavior of sphere
assemblies with the coordination number of the spheres. A method was presented to allow for
the estimation of the Young's modulus and strength of randomly packed hollow spheres from the
ideal packings analyzed in Chapters 4 and 5. It is also shown that it may be possible to farther
optimize the bonding between spheres; the analysis suggests that hollow spheres should be
sintered at low relative densities and bonded with a neck as described in Chapters 4 and 5 for
higher relative densities. Also a method is presented for taking into account manufacturing
defects, which can occur in hollow-sphere foams such as variation in shell relative thickness,
bond size, and sphere size. The relative strength of hollow-sphere foams compares favorably to
closed-cell aluminum foams. Although the analysis indicates that it is possible to marginally
improve the performance of the experimental data shown, the real potential of hollow-sphere
foams exists below a relative density of 8%. The strength of closed-cell aluminum foams drops
off dramatically, but it may be possible to manufacture hollow-sphere foams with significantly
improved properties. Finally, the behavior of hollow-sphere foams is compared to other types of
low-density engineering materials. The theoretical performance of hollow-sphere foams is
roughly similar to that of the octet-truss structure. Because the overall properties of these two
materials are similar, hollow-sphere foams might be a good substitute for the octet truss in
applications where partial closed porosity is desirable. Compared to hollow-sphere foams, the
properties of honeycomb in the out-of-plane direction are significantly better, but the properties
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of honeycomb in the in-plane direction are significantly worse. Hollow-sphere foams might be a
good substitute for honeycomb when isotropic mechanical properties are desired. The use of
hollow-sphere foams will be dictated by the trade-off between cost and performance for a given
application. Compared to existing engineering materials on a structural basis, hollow-sphere
foams offer a beneficial alternative to existing low-density metallic materials.
As of the publication date of this thesis, there is little published literature on the mechanical
behavior of hollow-sphere foams. Hopefully, this work provides a guide for those who continue
the research or begin to produce these materials. The performance of this class of materials is
promising; perhaps it will encourage additional research in this field.
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